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CHAPTER I 

INTRODUCTION 

The purpose of this investigation was to make a detailed study of 

the fundamental properties of PS converted waves to ascertain whether 

they can be detected consistently on seismograms from both underground 

nuclear explosions and earthquakes and whetner they can be used to help 

distinguish underground nuclear explosions from earthquakes.  The study 

included: 

a. Theoretical considerations of the amplitudes of PS and other con- 

verted waves as compared to observed amplitudes. 

b. Harmonic analysis of seismograms to aid in the interpretation. 

c. Analysis cf i-ü-Icmograras of underground nuclear explosions and 

large, distant earthquakes recorded at the University of Utah seismograph 

stations and other selected stations to develop dependable criteria for 

recognition of PS converted waves on seismograms, 

d. The analysis of selected seismograms from underground nuclear ex- 

plosions for recognition of PS converted waves recorded by vertical- and 

horizontal-component seismometers at the Geotech field stations. 
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General background 

A PS converted wave is a seismic body wave which results from the 

conversion of an incident parent P vave at a boundary within the earth's 

crust or upper mantle to a refracted vertically polarized shear wave, SV. 

Other types of conversion are also possible, as for example, the conver- 

sion of an incident SV wave to a P wave. 

Although this study was originally intended to concentrate on the P 

to S conversion, it was recognized during the course of the investigation 

that other types of conversion within the earth's crust and upper mantle 

are also of importance in seismology and therefore also in the problem of 

distinguishing earthquakes and underground nuclear explosions.  Consequently 

this study was expanded to include some of these other types of conversions. 

It should be emphasized, however, that our study is concerned principally 

with those types of conversions that would arrive before the conventional 

body shear wave and for the most part within approximately one minute after 

the arrival of the initial P wave. 

Most of the previous work by Soviet and American investigators on P 

to S conversions has been summarized and evaluated by Cook, Algerraissen, 

and Contain (1962, p, 4775).  As of 1962, the tentative results of the 

research on PS converted waves, principally for epicentral distances less 

than 400 km, can be summarized as follows; 

1. The amplitude of zhe  PS converted waves were usually several times 

greater than that of the first arrival of the P wave, but not without ex- 

ception. 

2. The successively later arrivals of PS converted waves from 

successively deeper horizons shewed progressively greater ground-velocity 

amplitudes. 
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3.  For blasts, the perioc's of the various PS converted waves were 

approximately the same as those of the parent P wave (Schwind and others, 

I960); whereas for earthquakes, the periods of the PS converted waves 

were 1.3 to 1.7 times larger than those of the parent P wave (Kuz'mina, 

1959). 

It should be emphasized that it is desirable to compile particle- 

motion diagrams or similar aids to the identification of the PS conver- 

ted waves.  As of 1962, particle motion diagrams in PS converted waves 

studies had been published only by the American workers (Schwind and 

others, I960).  Of the Soviet workers, Kuz'mina (1959) was the only one 

who reported compiling particle-motion diagrams, but his were not pub- 

lished. 

The tentative interpretations that have been made in the limited 

time available on this research project indicate that converted body 

waves may constitute a recognizable part of the eatly arriving seismic 

energy within about 30 sec after the first arrival of the energy of the 

compressional P wave and before the arrival of the conventional body shear 

wave at epicentral distances up f.o about 10,000 km.  We include in conver- 

ted waves the energy that is both refracted and reflected at boundaries 

within the earth's crust and upper mantie. 
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Data necessary in the study of PS converted waves 

To tacilitate the identification of PS converted waves in particu- 

lar and converted waves in general, it is desirable to know the crustal 

section and velocities in the region of study.  Even with this informa- 

tion available, considerable difficulty may be experienced with multiple 

reflections.  This problem haf been discussed briefly by Cook, Alger- 

missen, and Costain (1962, p. 4776). 

Particle-motion diagrams greatly facilitate the identification of 

PS converter waves.  Often, the beginning of a phase on a seismogram is 

difficult to determine without the aid of a particle-motion diagram.  In 

a comparison of observed data with theory, such factors as near-surface 

layering and instrument response must be considered. 
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CHAPTER II 

EQUIPMENT AND INSTRUMENTATION 

Perraanent seismograph stations 

Most of the seismograms from permanent seismograph stations used 

for analysis in this study were recorded.at the three seismograph 

stations of the University of Utah.  Table 2-2 gives the principal facts 

of these stations and pertinent information concerning the instrumenta- 

tion, including the magnifications.  The Portable Benioff seismographs 

at all three stations, the Wood-Hnderson seismographs at Dugway and 

Price, and allied instrumentation were funded largely trom this project; 

and this instrumentation was installed prior to October 1, 1963. 

Some seismograms used for analysis, especially during the earlier 

part of the study, were recorded at other permanent seismograph stations. 

Table 2-2 gives the available principal facts and pertinent information 

concerning the instrumentation of these stations. 

For the analyses, of seismograms from the permanent seismograph 

stations, the seismograms were usually used from verteil and horizontal 

seismometers which were matched and which also had essentially the same 

magnification.  In those cases in which the magnifications of the matched 

instruments differed, the digitized values as measured on the seismo- 

grams were normalized. 
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Table 2-1-- Seismograph stations of the University of Utah 

DüRway. Utah* (DUG) 

Latitude: 40° 11.7' N Longitude:  112° 49.0' W 
Elevation:  1^81 meters Bedroek: Rhyolite-quartz dacite flow (Ter- 

tiary) 
Locality: The vault is located 5 miles southwest of Dugway, Utah and 

Is underground. 
Time:  Standard timing system of the World-Wide Seismograph System, 

Model 10700, The Geotechnlcal Corporation, Garland, Texas. 
Time signal Impressed every 6 hours. 

Instruments: Standard Benloff three-component seismographs (Z,N,E)**; 
To - 1 sec, Tg - 0.75 sec, Mag. » 400,000#J trace 
speed 60 nan per minute; Portable Benloff three-compon- 
ent seismographs (Z,N,E)***, 
To = 1 sec, Tg s 1.5 sec, Mag. ■ 10t,000#, trace speed 
60 or 120 rmn/mln; Wcod-Anderson horizontal torsion 
seismographs (N,E)***, To » 0.8 sec, Mag, = 2,800, 
trace speed 60 mm per minute. 

Price, Utah (PCU) 

Latitude:  39° 36.4* N Longitude:  110° 48.3' W 
Elevation:  1714 meters Bedrock: Mancos shale (Cretaceous) 
Locality: The vault is located on the caucus of Carbon College, 

Price, Utah 
Time: Simplex Master Clock calibrated against WWV,  Time signals 

impressed manually twice dally. 
Instruments:  Portable Benioff three-component seismographs (Z,N,E)****; 

To - 1 sec, Tg » 1.5 sec, Mag. « 36,100 (Z) and 14,000 
(N,E), trace speed 60 or 120 nw/min; Wood-Anderson 
horizontal torsion seismographs (N,E); To » 0.8 sec, 
Mag. ■ 2,800, trace speed 60 mm/mln. 

* One of the stations In the World-Wide Network of Standardized 
Seismographs operated in conjunction with the U. S. Coast & 
Geodetic Survey. 

** Instruments placed In operation May 6, 1962, 
*** Instruments placed in operation on September 30, 1963, 
**** instruments placed in operation on May 16, 1962. 

# All three components (2,N,E). 
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Table 2-1(continued)-- Seismograph stations of the University of Utah 

Salt Lake City. Utah (SLC) 

Latitude: 40° 45-9' N   Longitude-  1110 50.9' W 
Elevation; 1425 meters  Bedrock: Quaternary alluvium 
Locality: The vault is located on the campus of the University of 

Utah, Salt Lake City, Utah 
Time:  IBM Master Clock, calibrated against WWV. WWV receiver 

equipped with radio time-signal converter and amplifier for 
Impression of time signals directly on each seismogram. 
Time signal Impressed twice daily. 

Instruments: Portable Benioff three-component seismographs 
(Z,N,E)*****; To « 1 sec, Tg » 1.5 sec, Mag. - 30,000 
(Z) and 25,000 (N,^}, trace speed 60 or 12U mm/mln. 

***** Instruments placed In operation on April 8, 1962. 
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Table 2-2-- Other permanent seismograph stations, from which seismo- 
grams were used In this study. 

Boulder City, Nevada (BCN) 

Latitude;  35° 58* 51" N 
Longitude:  114" 50' 02" W 
Elevation;  776 meters 

Instrumentation January 15, 1962 (written communication Jan. 15, 
from Capt. R. A. Earle, U. S. Coast and Geodetic Survey) 

3 Benioff Moving Coil Short Period 

Z E-W N-S 
Tg 0.45 sec 0.45 sec 0.45 sec 
To 1.4 sec 1.4 sec 1.4 sec 
Seismometer damping    Near critical Critical Critical 
Magnification 100,000 ca 50,000 ca 50,000 ca 
(operating) 

Note: The above applies to film magnified 8 times. 

Flaming Gorge. Utah (FGU) 

Latitude: 40° 55* 35.5" N 
Longitude:  109° 23' 10.3" W 
Elevation:  1982.5 meters 

Instrumentation January 8, 1962 (written communication January 8, 
1962 from Capt. R. A. Earle, ü. S. Coast and Geodetic Survey) 

3 Benioff Moving Coil Short Period 

Z E-W N-S 
Tg 0.33 sec 0.58 sec 0.35 sec 
To 1.06 sec 1.48 sec 1.41 sec 
Galv. Damping 6:1     Near critical 3:1 
Selsmo. Damping      Near critical 3:1      Near critical 
Magnification 150,000 ca 65,000 ca 65,000 ca 

(Operating) 
Relative dial setting Mag.  60 60 60 

Note: Avove applies to film magnified 8 times. 

-8- 



Table 2-2(continued).-- Other permanent seismograph stations, from 
which selsmogram? were used In this study. 

La Paz, Bolivia ^LPB) 

Latitude:  16° 31' 5;.6" S 
ongltude: 68e 05' 54.1 W 

Elevation: 3292 meters 

Instrumentation: Standardized seismographs, World-wide network of 
U. S. Coast and Geoaetic Survey 

Magnification of Z, E-W, and N-S: approximately 50,000 at 1 cps. 

La Palma. El Salvador (LFS) 

Latitude: 14° 17' 32.0" N 
Longitude: 89° 09' 43.0 W 
Elevation:  1000 meters 

Instrumentation: Standardized seismographs, World-wide network of 
U. S. Coast and Geodetic Survey 

Magnification of Z, E-W, and N-S: approKlmately 100,000 at I cps. 
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Stations of the Long-Range Seismic Measurements Program 
(Geotech stations) 

Sites In the western part of the United States recording under- 

ground nuclear explosions at the Nevada test site are shown in Fig- 

ure 5-1 , These sites are occupied as part of the Long-Range Seismic 

Measurements (LRSM) program and are operated by the Geotechnlcal Corpor- 

ation as part of the VELA UNIFORM program. 

Dana are recorded In the field on an Ampex 14-channel magnetic- 

tape system, Model 314, and are frequency-modulated with a 270-cps 

center-frequency carrier.  Field recordings are made at a tape speed of 

a.3 ips. 

Selected segments of data from each of these LRSM stations for each 

event are re-racorded onto a single reel of tape to form a magnetic tape 

composite of a single event.  A typical composite contains data from about 

forty stations, recorded in the order of increasing distance from the sig- 

nal epicenter. Approximately 30 minutes of data are recorded from each 

station.  Both short-period and long-period data are recorded. 

Three short-period seismometers at each LRSM site, either large or 

small Benioff seismometers, are oriented in vertical, radial and transverse 

directions with respect to the azimuth to the epicenter. The response of 

the short-period system peaks at about 2.6 cps. Magnifications varied 

from site to site. 

We have further edited the magnetic tape composites of certain under- 

ground nuclear explosions, and put the well-recorded short-period data on 

new composites, which were later digitized.  This is discussed more fully 

in Chapter IV. 
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CHAPTER III 
THEORETICAL STUDIES 

Energy and amplitude racios ofconverted waves 

A study was made of amplitude ratios, energy ratios, and phase angles 

of reflected and refracted 1* and SV waves derived from SV waves or P waves 

incident on a plane interface.  All computations were progrananed in FORTRAN 

for the IBM 7040 and 1620 systems. These programs are listed In the. 

Appendix; Program 18 deals with incident P waves and Program 19 with Inci- 

dent SV waves.  Incident angles were varied from 0° to 88°. Both real 

and Imaginary coefficients were considered In the calculations. Reflec- 

tion and transmission coefficients were calculated for P land SV waves 

for various velocity and density ratios. 

Results of a plane SV wave incident on a plane Interface are des- 

scrlbed in Costa In, Cook and Algermlssen (1963; 1965) and by Costatn and 

Cook (1965).  In these publications, energy ratios from Knott's energy 

equation and amplitude ratios and phase angles from the Zoepprltz equa- 

tions were calculated for a plane SV wave incident on a plane elastic dis- 

continuity using Program 19.  Incident angles were varied from 0° to 88° 

In Increments of 2° except near the critical angles, and near phase changes 

of 180° in the real domain, where the ratios were calculated in incre- 

ments of 0.25°. Compresslonal velocity ratios (transmitted/incident) of 

0.7, 0.8 and 0.9, and density ratios (transmitted/incident) of 0.7, 0.8, 

0.9 and 1.0 were used.  Polsson's ratio was 0.25 for each medium.  Some 

calculations for a Polssons ratio of 0.400 are given in Costain and Cook 

(1965). 

A layered crustal section was investigated and a FORTRAN program 

written (Program 9A) to calculate the theoretical amplitudes to be expec- 
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ted from convtited and unccnverced P and S waves on the basis of reflec- 

tion coefficients fioui the Zoeppritz equaMons.  The program assumes laysr 

thicknesses large corpared with the wavelength involved.  Some results are 

presented in Costain, Cook and Algermissen (1963), 

Theoretical travel-time curves 

Theoretical travel-time curves were computed (using Program DR-13 

listed in the Appendix) for many crustal models in the western part of 

the Unitsd States.  These curves include all P and S head waves from each 

interface, and converted head waves such as PPPSS, SSPSS, SSPPP, etc.  The 

models are based on seismic refraction studies by the United States Geolo- 

gical Survey, University of Utah, and others.  The travel-time curves were 

used to aid in the interpretation of the events on the seismograms out 

to the arrival of the body S-wave.  In addition, certain reflected and 

multiply reflected phases were added to the travel-time curves (Appendix: 

Programs 5 and 21). 

Other theoretical work was prJuurily of a nature to aid in the inter- 

pretation of the early part of the seismogram, and included: 

a) Confutation of the power density spectrum from the cosine 

transform of the autocorrelation function (Program 

No. DR 12-B). 

b) Computation of head wave coefficients for a PPP head wave 

using the method of Zvolinskii (Program No. 1). 

A complete list: cf the theoretical, utility, and data analysis pro- 

grams is contained in the Appendix. 
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Theoret-Jr. 1 Particle-jDiagrag^lotloni 

Particle-motion in an infinite, homogeneous, isotropic medium was 

examined theoretically for certain simple combinations of P and S motion. 

The following diagrams were constructed according to the diagram of 

Figure 3-la. 

Fig. 3-lb: Two P waves of amplitudes Aj^ and A2 

(Al - 10; A2 - 12) arriving at a point at different angles of 

incidence, i (&i =  10°). Both wave trains have the same 

frequency (1 cps) ,but differ in phase by an amount ^/(e.  The 

x-component of motion is given by: 

x = 10 sin  (2 -TT t)   sin 10° + 12 sin (2 Tf t +7r/&)  sin 70*. 

The vertical, or y-component of motion is given byt 

y = 10 sin (2 7T t)  cos 10° + 12 sin (2 TT t +%)  cos 70° 

The resultant motion is shown In Figure 3-lb . 

Fig. 3-l<J: Pure P and pure S arriving simultaneously with the S-amplltude 

(As = 15) greater than the P-amplitude (An = 10). The two wave 

trains arrive at the same angle of incidence (I - 20*) but 

differ in phase by an amount "v^. Both have a frequency of 

1 cps. The equations that describe the x- and y- components 

of motion are 

x - 10 sin (2-7rt) cos 20* - 15 sin (2^t + %)  sin 20° 

y = 10 sin (2 fT t)  sin 20° + 15 sin (2-Tt + ^) cos 20° 

The resultant motion is shown in Figure 3-lc. 

Fig* 3-ld: pure P and pure S arriving simultaneously with continuously 

decreasing amplitudes, the amplitude of S decreasing faster 

than the amplitude of P.  Initially As>An. Both wave trains 

arrive at the same angle of Incidence (l - 30°) and have the 

■ff 
same frequency (1 cps), but differ in phase by an amount /^ . 
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Figure 3-1, Theoretical vertical particle-motion diagrams. 



0.4c 
x * (20/C   ) sin (2 "^ t) cos 30° 

- (50/e " t) sin (2-^t + %)  sin 30° 

y = (20/e0*4t:) sin (l^ t)  sin 309 

+ (50/e0*6t) sin Z-TTt +'%)  cos 30° 

The resultant motion is shown in Figure 3-ld. 

Fig, 3-1^: F and S both decreasing in amplitude at different rates 

(Ag/'Ap), arriving at the same angle of incidence, differing 

in phase by an amount"^ , and with the frequency of the P-wave 

equal to twice the frequency of the S-wave. 

x = (20/e0,4t) sin (4^t) cos 30° - 

(50/e0-6t) sin (iTt +-%)  sin 30° 

y = (20/e.0,4t:) sin (4^t) sin 30° + 

(SO/e0-6*) sin (2"7rt +^|) cos 30° 

The resultant motion Is shown in Figure 3-1*-; 
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Fig. 3-lf:  1*1 and S arriving simultaneously followed by P2 after a 

time t (t = 0.45 sec). 

As decreases faster than ApS which decreases faster than Ap^. 

?l  and S arrive at the same angle of incidence; P2 arrives at 

a slightly different angle. All arrivals have the same fre- 

quency but differ in phase. This example is shown in Figure 3-lf. 

Fig. 3-lg: F and S arriving at same angle of incidence.  Both waves have 

the same constant amplitude (As = Ap) but differ in phase and 

frequency (frequency of S s 6/5 cps; frequency of P » 4/5 cps). 

x = 10 sin (8 TTt/S)  cos 30o-10 sin (12 tTt/S +%)  sin 30° 

y = 10 sin (8 ^ t/5) sin 30e-10 sin (12 ^"t/5 -I- ^|) cos 30* 

This example is shown in Figure 3-lg. 

Fig. 3-lh: Fi» P2 an^ s aH with the same constant amplitude. 

?Y  an<i S arrive at the same angle of incidence. 

P^ and P2 are in phase with each other, but out of phase with S. 

All have different frequencies (Pj^ = 4/5 cps; P2=8/5 cps; 

S = 6/5 cps). 

x = 10 sin (B^t/S) cos 30o-10 sin (12^ t/5 + ^)  sin 30° 

+ 10 sin (16 7rt/5) cos ( TT^.s) 

y = 10 sin (8^t/5) sin 30° + 10 sin (12^t/5) + ^) cos 30° 

+ 10 sin (16 'rrt/5) sin {^fh.b) 
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The plots in Figure 3-1 are representative of at least a few of the 

types of particle-motion diagrams that can be expected in the simplest 

cases. The examples described above do not include the effects of in- 

strument response, the effects of a free surface, the effects of layer- 

ing, inhomogeneities5 or anisotropy. Diagrams sl.uj.lar to those in Figure 

3-1 are frequently observed on actual particle-motion diagrams of grouna 

motion.  However, this should not imply that the theoretical and observed 

particle-motion diagrams that resemble each other have a common origin. 

The simple theoretical s_udy she -s that differences in wave type, fre- 

quency, phase, and rates of change of amplitude of phases arriving 

simultaneously at a point does give a combined affect which resembles 

actual particle-motion diagrams in many instances. Further study Is 

necessary to determine the relative importance of each of these effects, 

as well as the effects of a layered half-space. 

Figure 3-2 shows four representative particle-motion diagrams that 

in some respects closely resemble the theoretical diagrams of Figure 3-1. 

All four diagrams show motion in a vertical-radial plane. Diagrams (a), 

(b), (c), and (d) of Figure 3-2 are to be compared with diagrams (e), 

(g), (d) and (h), respectively, of Figure 3-1. 
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Figure 3-2. Observed vertical particle-motion diagrams. 

(a) Particle-motion diagram of the AARDVARK event as recorded at 
station MNNV. Time: Pn + 16.95 sec. 

(b) Particle-motion diagram of the STILLWATER event as recorded at 
station WINV. Time: Pn + 15.96 sec, 

(c) Particle-motion diagram of the STILLWATER event as recorded at 
station WINV. Time: Pn + 24.24 sec. 

(d) Particle-motion diagram of the STILLWATER event as recorded at 
station WINV. Time: Pn + 18.04 sec. 



CHAPTER TV 

METHOD OF ANALYSIS OF DATA RECORDED BY THE GEOTECH FIELD STATIONS 

Data available for analysis 

Data recorded by the Geotech field teams were received from several 

sources.  Data in digital form on 1/2" IBM*compatible computer tapes 

were received from the Seismic Data Laboratory in Alexandria, Virginia. 

These data Included; 

Explosion Station 

AARDVARK 
AARDVARK 
AARDVARK 
AARDVARK 
AARDVARK 
AARDVARK 

FISHER 
FISHER 
FISHER 
FISHER 
FISHER 

GNOME 
GNOME 
GNOME 
GNOME 
GNOME 

MVCL 
FMUT 
LCNM 
DRCO 
MNNV 
PMWY 

WINV 
MVCL 
FMUT 
MNNV 
LCNM 

LCNM 
TPNV 
SVAZ 
FSAZ 
WMAZ 

In addition to the above, a total of seventeen analog 1" FM magnetic 

tape composites, eacn containing 20 to 40 analog FM recordings of a single 

explosion recorded at different stations,were edited and spliced, and a 

new composite made.  Editing was done by the Geophysics Department. Univer- 

sity of Utah; splicing and playback to get the final new composite was 

done by Space Technology Laboratories, Redcido Beach, California-  The 

original seventeen tape composites were copies of recordings made by the 

Geotech field teams across the United States for the following seventeen 

explosions: 

STOAT 
FISHER 

GNOME 
AARDVARK 
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MAD CHINCHILLA 
FEATHER PLATYPUS 
CODSAW HARDHAT 
AGOUTI CIMARON 
CHENA ARMADILLO 
MINK STILLWATER 
PAMPAS 

Time segments containing the best short-period data from the above 

seventeen explosions were recombined on a new composite.  The new com- 

posite reduced the number of 1" reels from seventeen to three.  These 

three reel- contain all of the best short-period data for each of the 

above seventeen explosions.  Short-period calibration data were put on 

two additional composite reels.  The signal composite also contains 

long-period data since the original 1" analog Fh magnetic tapes were 

fourteen-track recordings of both short-period and long-period data; 

however, when editing, emphasis was placed on the short-period data. 

Digitizing intervals used 

The three 1" analog FM composite reels were then digitized and the 

digitized data placed on 1/2" computer tape for subsequent processing 

on the IBM 7040 digital computer.  The digitizing was done by 

a) Hercules Powder Co., Salt Lake City, Utah 
(digitizing interval 0.02 sec) 

b) Space Technology Laboratories, Redondo Beach, Calif, 
(digitizing interval 0.03 sec) 

A description of the contents of  the tl"ee composite analog FM mag- 

netic tapes made by the University of Utah and Space Technology Labora- 

tories is on the following pages. 
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Composite Analog Tapes 
of Data Recorded by 

The Geotech Field Teams 

Composite Analog Reel No. 1 

GNOME 

LCNM, POTX, SSTX, TCNM, ShfTX, MLNM, LPTX, SVAZ, HBOK, AMOK, TOOK, 
FSAZ, WMAZ, KNUT, WNSD, SFAZ, DRCO, SJTX, PMWY, MFAR, VNUT, FMUT, 
LMNV, CWAR, WRAR, JSTN, KMTN, CPCL, TPNV, MNNV, HLID, CVTN, W1NV, 
MVCL, NGWS, BLWV, DHNY, BGME. 

AARDVARK 

LMNV, MNNV, ATNV, KNUT, TFCL, FMUT, WINV, CPCL, FSAZ, MVCL, VNUT, 
VTOR, HLID, DRCO, LCNM, PTOR, PMWY, HSNB, WNSD, LPTX, TOOK, SEMN, 
MPAR, CNWS, MMTK, BLWV, GLTX, SJTX, CWAR, JSTN, NGWS, DANY, BGME. 

FISHER 

MAD 

LMNV, MNNV, KNUT*, WMAZ, FMUT, WINV, CPCL, FSAZ, MVCL, SFAZ, HLID, 
TCNM, VNUT, MLNM, LCNM, PMWY, SSTX, AMOK, LPTX. 

TPNV, KNUT, WMAZ, WINV, LMNV, MNNV, FMUT, CPCL, FSAZ, MVCL, VNUT, 
HLID, PMWY, SSTX, WNSD, SMTX, MPAR, BLWV. 

FEATHER 

MNNV, KNUT, WMAZ, FMUT, WINVS CPCL, MVCL, VNUT, DRCO, PMWY, SSTX, 
WNSD, HBOK. 

MINK 

WINV, VNUT, MNNV, BFCL, FMUT, FSAZ. 

CHENA 

MNNV, CPCL, FSAZ, MVCL, VNUT, HLID. 
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Composite Analog Reel No. 2 — 

HARDHAT 

DVCL.  MNNV,   ATNV,   KNUT,  TNCL,  WMAZ,   FMUT,  WINV,  CPCL,   FSAZ5  M\?CL, 
SFAZ,   SFAZ-CC,   VNÜT,  VTOR,   SVAZ,   HLID,   DRCO,  MLfW,  TCNM,   BFCL,  LCNM, 
EPTK,   TCNM,   FTOR,   PMWY,   RTNM,   EFTX,   GNM,   BKTX,   SSTX,  LPTX. 

PAMPAS 

DVCL, MNNV, ATNV, ATNV-CC, BFCL, KNUT, TNCL, TNCL-CC, WMAZ, FMUT, 
WINV, CPCL, FSAZ, SFAZ, VTOR, HLID, TCNM, MVCL, VNÜT, SVAZ, DRCO, 
LCNM, KNUT-CC, WMAZ-CC, SVAZ-CC, PTOR, EPTX, EFTX, SSTX. 

CIMARRON 

DVCL, ATNV, BFCL, KNUT, TNCL, WMAZ, FMUT, WINV, FSAZ, SFAZ, VTOR, 
HLID, MNNV, CPCL, MVCL, VNUT, SVAZ, DRCO, TCNM, PTOR, LCNM, EPTX, 
EFTX. 

AGOUTI 

DVCL, MNNV, MNNV-CC, ATNV, ATNV-CC, KNUT, TNCL, TNCL-CC, WMAZ, FMUT, 
WINV, FSAZ, SFAZ, DVCL-CC, BFCL, KNUT-CC, WINV-CC, CPCL, MVCL, VNUT, 
SVAZ, HLID, TCNM, BFCL-CC, FMUT-CC, CPCL-CC, FSAZ-CC, MVCL-CC, 
HLID-CC, DRCO, DRCO-CC, MLNM, KLNM-CC, TCNM-CC, LCNM, LCNM-CC, GNWM. 

/ 
' CC - denotes cavity collapse 
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„   / 
Composite Analog Reel   No. 3 

ARMADILLO 

DVCL, DVCL-CC, MNNV, ATN7, ATNV-CC, KNin, KNUT-CC, TNCL, TNCL-CC, 
WMAZ, WMAZ-CC, FMUT, FSAZ, VTOR, WINV, MxNNV-CC, BFCL, FMUT-CC, 
CPCL, MVCL, SFAZ, VTOR-CC, H1ID, TCNM. WINV-CC, CPCL-CC, FSAZ-CC, 
tWCL-CC, SFAZ-CC, HLID-CC, MLNM, MLNM-CC, TCNM-CC, PTOR, PTOR-CC, 
LCNM, LCNM-CC, PMWY, PIWY-CC, EPTX, EPTX-CC, GNNM, GNNM-CC, B^f^X, 
VNUT,   VNUT-CC,   SVAZ,   SVAZ-CC,   DRC03   DRCO-CC,   BFCL-CC, 

CODSAW 

DVCL, MNNV, KNUT, TNCL, WMAZ, WINV, VTOR, BFCL, FSAZ, SFAZ3 HLID, 
TCNT4, DVCL-CC3 MNNV-CC, KNUT-CC, TNCL-CC, WMAZ-CC, FMUT, WINV-CC, 
CA-CPCL,   CKL,   MVCL5   VNUT,   VTOR-CC,   SVAZ,   DRCO,   LPTX. 

CHINCHILLA 

DVCL,  ATNV,   KNUT,  TNCL.  WMAZ, WINV.  VTOR,  MNNV,  CW-BFCL,  BFCL, 
FMUT,  CW-FSAZ.   FSAZ,  CW-SFAZ, SFAZ,  CW-HLIO,   CS-TCNM,   TCNM.  CPCL, 
CW-MVGL,  m?CL:i  CW-VNUT,  VNUT, CW-SVAZ,   SVAZ,  HLID,  CW-DRCO,  DRCO, 
LCNM,   EPTX,   SSTX. 

STILLWATER 

DVCL,   MNNV,   ATNV,  ATNv-CC,   KNUT,   TNCL,  WMAZ,   FMUT,   WINV,   VTOR, 
MNNV-CC.   BFCL,   KNUT-CC,   TNCL-CC,  WINV-CC,   FSAZ,  MVCL,   SFAZ,   HLID; 

BFCL-CC,   FMUT-CC,  CPCL, CPCL-CC,   FSAZ-CCS  MVCL-CC,   SFAZ-CC, 
VNUT,  VNUT-CC,   VTOR-CC,   SVAZ,   HLID-CC,   DRCO,   MLNM,  MLNM-CC,   TCNM, 

TCNM-CC,   LCNM,   EFTX,   SSTX,   DHNT. 

STOAT 

DVCL, KNUT, WMAZ, FMUT, WINV, MNNV. CPCL, FSAZ, MVCL, SFAZ, HLID, 
TCNM, VNUT, SVAZ, KLNM. DRCO, LCNM. 

PLATYPUS 

DVCL, MNNV, ATNV:, WMAZ. FSAZ, SSTX. 

" CC - denotes cavity collapse 
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The new analog composite was not completed In time to process more 

than a small fraction of the data on the three reels.  Most of the data 

that were processed were studied using the alphanumeric and CalComp 

particle-motion plots described below. 

Other data recorded by the Geotech field teams which were received 

but not processed by us in any way because of insufficient time include: 

a) Eighteen underground explosions on reels of 1" FM magnetic 
tape received in March 1964 from the Seismic Data Labora- 
tory. 

b) Sixteen earthquakes and underground explosions recorded 
by the Geotech recording teams and digitized by the 
Seismic Data Laboratory.  These data are in digital 
form on 1/2" IBM-campatible computer tape. 

Only underground explosions were studied from the recordings made 

by the Geotech field teams. 
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Preparation of particle-motiöi^^ag^rns 

Particle-motion diagrams were made directly from digitized data.  No 

corrections for instrument lespons, other than magnification were made. 

The particle-motion diagrams were displayed by one of the following methods: 

a) Hand plots.  The diagrams were plotted oy hand during the early 

stages of the project since machine methods were not readily avail- 

able to us.  The following particle-motion diagrams were construct- 

ed using this method: 

Explosion Station 

AARDVARK MiNNV, ATNV, KNUT, TFCL, FMUT, WINV, 
CPCL, F5AZ, MVCL, VNUT, FTOR, HLID3 
DRCO? LCNM. PTOR, PMWY, MNNV, LC. .i, 
MVCL, VTOR, NC1D 

FISHER KNUT, K^Ch,  LCNM 

GNOME MMTN, LPTX, WNSD, SJTX, 
POTX, SSTX, TCNM, SKTX, MLNM, 
LPTX, SVAZ; AMOK, FSAZ, WMAZ, KNUT} 
PMWY, MPAR, VNUT, FMUT, CWAR, WRAR, JSTN 

b) Alphanumeric plots - These are machine plots done on the IBM 7040 

system with an IBM 1403 printer as output.  This method greatly 

Increased plotting efficiency over the hand plots, but the com- 

puter facilities required for obtaining this type of plot were 

not available to us until March 1964.  The program itself was 

not operational unti\ September 1964,  The method prints out a 

known, preselected sequence of letters and ntmbers on the IBM 

1403 printer at positions on the paper corresponding to the 

digitized data.  The known sequence of symbols Is then connect- 

ed by hand to get the final particle-motion diagram.  The data 

for the particle-motion diagrams are read directly from digi- 

tized data on magnetic tape or from cards, using Program DR-18FP1 

or Program DR-18FP2 respectively, described in the Appendix.  An 

example of an alphanumeric plot is shown in Figure 4-] 
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The following particle-motion diagrams were constructed using this method; 

Explosion Station 

C1MMAR0N, HARDHAT, PAMPAS, STOAT FMUT 
AARDVARK, CHINCHILLA, CODSAW, STOAT MNNV 
AGOUTI, CHINCHILLA, STILLWATER, STOAT WINV 
AGOUTI (Cavity collapse) ATNV 
AGOUTI CPCL 
AGOUTI SFAZ 

c) CalComp plots.  The University of Utah Computer Center acquired an 

IBM 1627 (CalComp) plotter In October 1964, and plotting techniques 

using data on magnetic tape were perfected in December 1964.  This 

method is, of course, preferable to either of the above for dis- 

playing particle-motion diagrams. 

The following particle-motion diagrams were constructed using this method; 

Explosion Station 

ARMADILLO FSAZ, SFAZ, WMAZ 

In general, particle-motion diagrams were constructed only for the 

first 20 to 30 seconds of motion after the arrival of the initial P wave. 

In a few cases particle-motion diagrams were made for the time interval 

around the expected arrival of the body S-wave to help identify this S 

phase. 

Particle-motior diagrams were always made for both a horizontal 

plane and a vertical-radial plane. 

A typical sequence of particle-motion diagrams plotted on a CalComp 

plotter is shown in Chapter 5, Figure 5-10 

A summary of all particle-motion plots for the Geotech stations for 

which we have at least two events per station is given in Table 4-1 . 
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CHAPTER V 

INTERPRETATION OF DATA RECORDED AT THE CliOTECH FIELD STATIONS 

Introduction 

A limited study of the theoretical amplitudes of P to S and S to P 

conversions was made during the early part of this project.  This is dis- 

cussed in Chapter III.  The theory de^lt with plane waves, but more sig- 

nificantly, with wave lengths that were small compared with layer thick- 

nesses.  More recent results of the Haske11-Thompson matrix method have 

shown the importance of thin, low-velocity surface layers on the motion 

at the surface arising from a plane compressional wave incident at the 

base of a layered half-space.  In particular, Hannon (1964) has con- 

structed a number of theoretical seismograms using frequency-dependent 

transmission coefficients which may be computed by the HaskeII-Thompson 

matrix method.  The method determines the ratio of the vertical and 

horizontal motions at the surface to the total amplitude (or the ampli- 

tudes of the components) of the plane wave incident at the bottom inter- 

face of the layered system (Haskell, 1953; Hannon, 1964). 

The amplitude ratios are functions of frequency, angle of Incidence, 

layer thickness, compressional and shear velocities in each layer, and 

densities of the layers.  The steady-state transmission coefficients give 

the amplitude and phase of the vertical and horizontal surface motion to 

the motion of the steady-state plane, wave incident at the Dottom inter- 

face.  They include the important effects of frequency and layer thick- 

ness on the transmission coefficients, as  well as the angle of incidence, 

velocities, and densities of the layers that affect the amplitude ratios 

as computed from the Zoeppritz equations (Chapter III, this report). 
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Hannen (1964) used four crustal models with varylac thicknesses of 

alluvial layers ranging from zero to 30, to 730 to 1430 meters in thick- 

ness. It is worthwhile here to summarize his conclusions (Hannon, 1964, 

p. 2072): 

1) The presence of less than 100 feet of sediments causes the surface 

amplitudes to increase by a factor of two for the source functions 

used by him.  Ringing was a predominant feature. 

2) For thicker alluvial sections, the surface motion amplitudes ^re 

even greater, and reached values three times those for the model 

with no alluvium. 

3) "The near surface layering exerts a greater influence on the 

horizontal component than on the vertical, causing the horizon- 

tal component to have a more irregular shape.  This emphasizes 

the importance of converted SV waves.  This effect is further 

illustrated by the fact that the arrival times predicted by ray 

theory...do not agree...as well for the horizontal as they do for 

the vertical.  Thus the presence of laboring may produce ellip- 

tical particle motion." 

(*) "The different character introduced by the multiple and conver- 

ted waves tends co introduce a longer period oscillation in the 

record which is dependent on the structure rather than on the 

source." 

It is apparent from Hannon's work that care must be used in inter- 

preting shear motion on a particle-motion diagram, and in particular, in 

identifying the shear on the basis of its amplitude relative to other ob- 

served phases on the seismogram.  The effect of layered structure may 

drastically affect both the amplitude of the shear, and the apparent 
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arrival-time on a component seismogram.  As Hannon showed, for the pulse 

widths he used, the near-surface layering exerted a greater influence on 

the horizontal component than on the vertical, thus emphasizing the im- 

portance of converted SV waves. 

In the interpretations discussed in this Chapter, the amplitudes 

of certain of the converted waves, for example, PPS, seem larger than 

would be expected for the assumed velocity contrasts in the simplified 

crustal sections used.  However, the crustal models assumed are a first 

approximation only, based on refraction data recorded,at relatively widely 

separated stations in many cases, and more resolution may be required tJ 

detect and explain the effects of thin, near surface layering on the 

amplitudes of the arrivals, although the models used do agree with the 

arrival times of the phases interpreted on the seismograms, in most 

cases.  Also, it is apparent that "ringing" is present on many of the 

seismograms, which may oveiride a weaker PS converted wave following a 

stronger P phase. 

In view of the theoretical work discussed above which takes into 

account the frequency content of the pulse as well as the layer velocities, 

densities and incident angles, the interpretations presented in this 

Chapter must be regarded as provisional, especially where the interpreta- 

tion of shear arriving before the body S wave is concerned. True shear 

arrivals during this time would have to be a result of P to S conversion 

somewhere along the transmission path.  The effect of the recording sta- 

tion location and the layering beneath the station on the amplitudes of 

the arrivals is now recognized as having an important effect on the char- 

acter of the seismogram.  Quantitative measurements of amplitude ratios of 

S to P or P to S or even P to P from particle-motion diagrams must be made 

with care.  Further study of the enhancement of the amplitudes of early 

shear arrivals as a function of frequency content of the pulse is warranted. 
-31- 



General Discussion 

Figure 5-1 shows the geographic locations of the Geotech recording 

teems in the western part of the United States with respect to the Nevada 

test site (NTS). We were not able to interpret all of the data we have 

on magnetic tape in digital form recorded at these stations.  A few events 

recorded at selected stations are discussed in this chapter. 

Figure 5-2 shows the locations of all of the underground explosions 

in the Nevada test site for which particle-motion diagrams were made at 

at least one Geotech field recording station for this study.  Table 5-1 

lists some of the pertinent data for each of these eleven explosions. 

Emphasis was placed on Geotech stations at which two or more underground 

explosions were recorded at Che same site from the same approximate source, 

that is, i-ne Nevada test site.  Particle-motion diagrams were also made 

for the GNOME event in New Mexico^ but no other data are available for 

the same source area and epicentral distances, and so these particle- 

motion diagrams are not presented herein. 

Figure 5-3 shows CalComp plots of three underground nuclear explo- 

sions recorded at Winnemucca, Nevada (WINV) by the Geotech field record- 

ing teams.  The signals fom the underground nuclear explosions STOAT and 

AGOUTI are very similar.  The digital-to-analog playbacks of each of these 

two recordings are shown in Figure 5-4 on an expanded scale.  The traces 

are almost identical phase for phase for the entire fifteen seconds of 

the signal.  Beyond that, the signal as shown is poor because of clipping 

in the digitizing electronics were the FM analog tapes were digitized. 

The third explosion, STILLWATER, in Figure 5-33 does not have the same 

degree of similarity in the first fifteen seconds, but the epicenter for 

this explosion was approximately nine kilometers from STOAT and AGOUTI. 
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Figure 5-1. Location map of LRSM recording stations in the western part 
of the United States. 
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See Flg. 5-2,Other considerations such as yieLd, depth of burial, 

geological environment at the source, etc. vould also be expected to 

affect the source function. 

Figure 5-5 shows an annotated version of Figure 5-3 for AGOUTI, 

STIL1 /ATER, and STOAT as recorded at WINV.  Several things are apparent 

on the selsmograms: 

1) Patterns resembling beat frequency patterns or possibly 

"ringing" are well developed during the first 15 seconds 

of the seismogram for STILLWATER.  The patterns are still 

evident after 15 seconds in the stronger arrivals.  En- 

velopes have been drawn in td accentuate the patterns. 

Such patterns are also observed for AGOUTI but are less 

well developed.  Also, clipping in the digitizing elec- 

tronics has obscured the patterns after the first 15 

seconds of the AGOUTI seismogram. 

2) For the seismogram of STILLWATER, the wave train labeled 

ABCDEFG at apprcximately 17.5 seconds after the arrival of 

P is very similar in appearance to the wave train labeled 

A'B'C'D'E'F'G' at approximately 24.5 seconds after the arrival 

of Pn.  Examination of the particle-motion diagrams for 

these two wave trains show the ground motion for cycle A 

to be S-llke and prograde, whereas the ground motion for 

A1 is P-llke and prograde. Cycles C, D, C, F, and G show 

prograde P~motion, but C1, D1, E1, and F! show prograde 

S-motion, for the most part.  The first wave train, then, 

is predominantly F-motion, the later wave train is predomi- 

nantly S-motion.  Both wave tra'.ns are of approximately the 
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same amplitude, as shown on the seismogram recording 

the vertical component of ground motion. 

3) Wave trains A. ..G and A'^.G* on the STILLWATER seismogram 

are parts of short-period events which modulate another 

wave whose period is approximately four seconds.  The ampli- 

tude of the "carrier" wave seems to decrease slightly with 

increasing time and the wave modu'ated by the A*...G' wave 

train does not appear to be a s ^le  continuation of the 

one modulated by wave train A...G.  The time of onset of 

the wave modulated by wave train A...G appears to be at 

approximately 15.5 seconds after the arrival of Pn at 

WINV. 

4) A spectral analysis plot of STILLWATER-WINV shows two 

dominant peaks in the frequency spectrum, one at 1.8 cps 

and one at 2.3 cps.  These two peaks seem to be associated 

primarily with approximately the first 14 seconds, and 

with the last 14 seconds, respectively, of the seismogram. 

Many of the main features discussed above appear in other seismograms 

obtained by the Geotech stations that we have studied to date.  The modu- 

lated low frequency "carrier" waves can be seen for both STOAT and AGOUTI 

(Figure 5-5) but clipping in 'he digitizing electronics for AGOUTI makes 

the wave difficult to see.  These low-frequency waves are recorded over 

the interval of time during which multiiple reflections are arriving frei 

the base  of the crust.  The wave as sketched in for theSTOAT seismogram 

appears to be of higher frequency than that f >r either STILLWATER or AGOUTI. 
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Figure 5-6 shows an annotated series of three underground nuclear 

explosions recorded at Fillmore, Utah (FMUT). The "beat" frequency 

patterns and low frequency waves are not as well developed as they are 

for STILLWATER-W1NV. The sites for the three explosions were widely 

separated at the Nevada test site (see Figure 5-2), and the seistnogratns 

bear little resemblance to one another. 

Wave trains after P^P (or P?) on the vertical seismogranis for 

CIMARRON and HARDHAT on Figure 5-6 for station FMUT are similar to wave 

trains recorded for STILLWATER at WINV (Figure 5-5). However, the 

CIMARRON-HARDHAT group is not as well developed later on the same seismo- 

gram. The crustal tranmission paths are probably quite different in de- 

tail for STILLWATER-WINV and CIMARRON-FMUT, There is a decrease in 

amplitude for first-motion and later arrivals arriving at FMUT from the 

Nevada test site as compared with corresponding epicentral distances in 

Arizona and Nevada. 

The beat-frequency patterns may be a resonance effect due to the 

presence of a low-velocity sedimentary surface layer for which the re- 

flecti^ coefficient is effectively unity at the top of the layer. Van 

Nostrand (1964) has shown that "resonance is the most important factor 

in signal amplitude variation resulting from changes in near surface 

geology". The maximum signal amplitude occurs when the thickness of 

the low-velocity surface layer approaches a quarter-wavelength. For 

frequencies of 1 cps in a low-velocity sedimentary layer having a P- 

wave velocity of 3.0 km per second, maximum signal amplitudes will 

be obtained for layer thickneses of 775 meters, or about 2,500 feet. 

These quarter-wavele gth resonant thicknesses will considerably distort 

the signal shape, which then becomes a function of the thickness of the 

thicknesi of the surface layer. Van Nostrand (1964) shows the original 

input signal considerably increased in amplitude for a surface layer whose 

thickness is A/4, and considerably lengthened 
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in time for a surface layer whose thickness is 3 njU, 

The resonance effect will seriously interfere winh the identifica- 

tion of weak arrivals closely following stronger ones, since an original 

two-cycle event may be drav.n out into as many as eight cycles by the 

resonance effect. 
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Discussion of STILLWATER-W1NV 

From the time of arrival of Pn on the seismograns of STIILWATER-WINV out 

to about four seconds, the motion is predominantly P-like. The amplitude 

increased gradually almost in a linear fashion out to f-proximately 3.5 

seconds.  Some of this may be a resonance effect due to "ringing" asso- 

ciated with a low-velocity sedimentary layer beneath the station. 

Table 5-2 lists theoretical arrival times for some "phases" which 

were searched for on the seismogram of STILLWATER-WINV. 

The interval from 4.5 sec to 6.5 sec after the arrival of Pn is 

characterized by about four cycles of predominantly S-ilke motion with 

the attitude of the major axis of the motion in a vertical plane gradually 

increasing until the motion is nearly vertical. The amplitude increases 

in a linear fashion during the interval of Ät = 4.5 sec to/^t *  approxi- 

mately 7.5 sec. 

The motion for the first five cycles in this interval is alternately 

prograde and retrograde for each cycle. This behavior may indicate the 

simultaneous arrival of wave trains of different type and frequency. The 

alternating prograde and retrograde behaviour in the theoretical particle- 

motion diagrams was a characteristic of the simultaneous arrival of wave 

trains of slightly different frequency content. 

At about 6.5 sec after the first motion, the motion becomes large in 

amplitude and nearly vertical and remains prograde for the next 11 cycles 

until approximately 12 sec after the arrival of Pn. The amplitudes reach 

a maximum at about 7.5 sec after the arrival of Pn, 
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Table 5-2.--Theorei ,' al arrival times of certain phases for the 
crusta. s;ction of Figure 5-7a (STILLWATER-WINV) 

Theoretical 
Arrival Time 

(Sec) Phase Description 

^n First crrival, 
head wave 

SPP Herd waves, 
and converted at 
PPS base of crust 

SPS Head wave, up and 
down paths shear 

Pg Direct wave 

PM1P_ 
P-wave reflected 

(or P?) 

PM1PPPP 

PM3P 

once from base of 
crust (or a guided 
wave in the crust) 

P-wave reflected once 
from base of crust at 
critical angle, then 
reflected from the surface 
of earth back to base 
of crust where it con- 
tinues as a P head wave 

P-wave reflected twice 
from base of crust 

P-wave reflected three 
times from base of crust 

67.7 

71.9 

76.1 

80.2 

80.9 

73.6 

82.6 

85.2 

Pha8e-Pn 
Arrival Time, 

t, sec 

4.2 

8.4 

12.6 

13.2 

5.9 

14.9 

17.5 

PM4P P-wave reflected four 

times from base of crust 88.7 21.0 

PM2PPPP 

SMI? 
and 
PM1S 

P-wave reflected twice 

from base of crust and 
continuing as a head wave    79.6 

S-wave (or P-wave) 
converted on reflection 
at base of crust to a 
P-wave (or S-wave) 90.27 

11.9 

22.6 

Table  5-2 
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The phase SPP theoretically should arrive about 4.2 sec after the 

arrival of Pn, See cable 5-2. This is also the approximate arrival time 

of PPS. The PPS head wave is probably of lower amplitude than SPP but it 

may take several cycles before the SPP becomes dominant on the particle- 

motion diagrams. The vertical trace of STILLWATER shows a linear in- 

crease in amplitude for the wave group in the interval At = 4.5 sec 

to A r = 7.5 sec.  It has not yet been determined whether the linear 

Increase in amplitude is associated with a "beat" or is a buildup of a 

particular phase, or is the combined effect of two or more arrivals, or 

is a resonance effect. Some evidence in favor of a resonance effect is 

the repetition of the phenomenon on the seismogram several times in the 

first 20 seconds. The linear increase in amplitude seems to be common 

to the Pn group, the SPP group, and the PMP group, suggesting a common 

station effect which promotes resonance for all significant arrivals, 

regardless of the transmission path. 

The theoretical travel-time of an SPS phase based on the model of 

Figure 5-7a is 76.1 sec, or 8.4 seconds after the arrival of Pn. There 

is some indication of shear on the particle-motion diagram at the ex- 

pected arrival time for SPS and it is possi' le that this phase is present. 

The motion is predominantly S-like for several seconds after the expected 

arrival time of SPS. However, the motion is not clear-cut and it is not 

possible to estimate the time of onset of the phase. 

The dominant prograde motion changes to a single cycle of retrograde 

motion at about 12 seconds after Pn. Following this change are several 

cycles of well-developed shear motion just preceding the arrival of Pj^P. 
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VPL=7.84 Km/Sec 

STILLWATER-WINV    (A=484 Km.) 
AGOUTI -WINV   (A=475 Km.) 
STOAT -WINV   ^A=475Km.) 

aCRUSTAL   SECTION - N. CENTRAL   NEVADA 

2 8 Km 

VPa=7.8 Km/Sec 

ARMADILLO-FSAZ (A = 479.2 Km.) 
ARMADILLO-SFAZ (A = 577.3 Km.) 
ARMADtLLO-WMAZ    (A = 387.9 Km) 

b.CRUSTAL   SECTION   —   NORTHERN   ARIZONA 

Figure 5-7.  Simplified crustal sections 

(a) North central Nevada 
(b) Northern Arizona 



^Mi*5 appears to become well developed at approximately 14 seconds after 

the arrival of Pn. This agrees well with the theoretical arrival time 

for ?j| P but it would probably also agree with the approximate travel 

time of a guided wave in the crust, usually called P. This phase is the 

most distinctive arrival on most of the seisraograms. 

The S-like motion preceding PM P (or P) for STILLWATER-WINV is very 

well developed and is prominent on the radial seismometer trace. However, 

the observed arrival time of 12.0 sec after Pn does not coincide with any 

arrival which could be expected to have a large amplitude for the crust«1 

section being used. The S-like motion may be the result of the complex 

interaction ot crustal layering, the arrival of low amplitude portions 

of the Pfj-jP phase, and other phases such as SPS(?). The S-like motion 

preceding Pv P for STILLWATER-MNNV is not as well developed on other 

seismograms for other explosions. 

The portion of the seismogram after the arrival of P^j P (or P?) out 

to approximately 27 seconds is believed to be due mainly to multiple re- 

flections from the base of the crust, or multiple reflections of P. This 

energy may also include SJJ1P, that is shear energy converted to P on re- 

flection at the Mohorovicic discontinuity. No attempt has been made to 

identify the onset time of each multiple on the seismograms. The approxi- 

mate expected arrival times for fMnP (i=2, 3, 4) have been noted in paren- 

theses on STILLWATER-WINV. 

There is w< 1 developed S-like motion appearing on the particle-motion 

diagrams at approximataly 22.5 sec which coincides with the expected arrival 

tine of PMJS. 
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Discussion of the ARMADILLO event as recorded 
at WMAZ, FSAZ and SFAZ 

Stations WMAZ, FSAZ and SFAZ are in northern Arizona and In line 

with the Nevada test site.  Epicentral distances from NTS for WMAZ, 

FSAZ and SFAZ are 387.9, 479.2 and 577.3 km, respectively.  Inspection 

of Figure 5-8 shows some of the eventr. which make up the early part of 

the seismogram at each station. Arrival times are shown as measured 

from the arrival of Pn. 

At WMAZ, using the cru; al section of Diment, Stewart and Roller 

(1961), the first good indication of shear on the particle-motion diagrams 

is at 4.4 sec after the first motion. This coincides wel1 yith  cc ex- 

pected arrival of PK a convertt«; head ■ , ?e from the base ov i he crust. 

It is also apparent from the particle-motion diagrams that the observed 

shear motion is "riding" on P energy of much larger amplitude which could 

be the SPP phase. 

For this crustal model, SPS and PjiiP should both arrive at approxi- 

mately 8.5 sec after Pn.  Inspection of the particle-motion diagrams 

around this time shows a strong P-arrival at about 7.7 sec.  Several 

cycles of large amplitude P-motion follow. The P-motton is prograde. 

This P-motion is believed to be due to the arrival of Pj^,1*» a reflection 

from the base of the crust, or P, a guided wave in the crust. There Is 

also some indication of shear at about 8.0 sec lasting for about a cycle 

which may indicate the SPS arrival. At approximately 10 sec there are 

several cycles of good S-like moiion.  This motion does not coincide 

with the expected arrival time of any of the phases In Figure 5-8. The 

motion is retrograde. 
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After the arrival of PM P(or P), the seismogratn out to -pproxlmately 

25 sec, at least, is probably due to multiple reflections from the base 

of the crust, or multiple reflections of P. 

It Is possible that some Internedlate layering would provide a 

velocity structure giving a travel-time of about 10,0 sec for a phase 

that could be called SPS, as In the Berg, Cook, Narans, and Dolan (1960) 

model where SPS Is generated from the base of the 9 km layer. 

It Is difficult to draw positive conclusions trom a study of a 

single event such as ARMADILLO recorded at a single station such as WMAZ. 

Hovrever, shear motion is appar« it on the particle-motion diagrams at 4.4 

sec and 8 sec which does coincide approximately with the expected arrival 

time for PPS and SPS, respectively.  Further, except for the shear at 

10 sec, these are the only Intervals of shear apparent on the particle- 

motion diagrams out to about 10 sec.  The SPS motion Is considerably larger 

than the PPS motion. 

There Is S-ltke motion recorded at FSAZ at about 4.2 sec after the 

arrival of Pn,  This coincides very well with the expected arrival time 

for the PPS head wave from the base of the crust (see Figure 5-7b and 

Figure 5-8. There are no Intervals of shear preceding this on the seismo- 

gratn.  The S-llke motion lasts for approximately one second and Is followed 

(at 5.5 sec after Pn) by 3 cycles of larger amplitude P-motlon lasting 

to almost 8 sec after Pn on the setsmogram. Most of this P-motlon Is 

probably associated with the SPP phase.  At approximately 8 sec after Pn, 

several cycles of higher frequency S-llke motion are apparent on "he 

partlcle-motlon diagrams, coinciding very well with the theoretical 

arrival time of SPS from the base of the crust. The theoretical arrival 

time of PflnP (or P) at FSAZ from the Nevada test site using the crustal 
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section of Diment, Stewart, and Roller (1961) Is approximately 11.2 sec. 

This coincides almost exactly with the arrival of high-amplitude prograde 

P-like motion (see Figure 5-10),and it is almost certainly due to the 

arrival of PMI? (or P).  Following this arrival are the usual large ampl- 

tudes due to multiple reflections from the base of the crust. 

Station SFAZ recording the ARMADILLO event shows frequencies consider- 

ably higher than those recorded at FSAZ for the same event (see Figure 5-9). 

This is probably a Station effect. The signal appears to show the effects 

of reverberations. The motion Is P-like with a small minor axis.  No S-like 

motion is evident until approximately 6 seconds after Pn when several 

cycles of S-llke motion appear lasting approximately two seconds. This 

S-like motion does not coincide with any expected S arrival-time oa 

Figure 5-8. Ringing may have a severe effect on body-wave arrivals at 

this station for thir event. P-motlon resumes at approximately 8 seconds 

after Pn.  Shear-motion is again apparent beginning approximately 10 

seconds after Pn and continuing approximately 2 seconds. This interval 

of shear coincides well in arrival-time with a similar interval recorded 

at station WMAZ and noted above. The S-like motion ir. not as well l^velop- 

ed on the setsmogram recorded at FSAZ for the ARMADILLO event, for this 

time Interval, but the particle-motion does indicate that some shear is 

also present in the dominant P-llke motion associated with the arr.val of 

PMlP. 

The theoretical arrival time of PMJP at SFAZ for the ARMADILLO event 

based on the crustal section of Diment, Stewart, and Roller Is approximate- 

ly 15 seconds after Pn.  This time on the record (see Figure 5-9) does 

not coincide with ;he arrival of a large amplitude P-phase.  The large 

amplitudes usually associated with P^uP (or P) are not seen until about 
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16 seconds after Pn.  The arrival of Pj^ P (or P) would then seem to be 

approximately one second late at SFAZ for the ARMADILLO event.  It is to 

be noted, however, that the  usual high amplitude following PM P for at 

least 10 or 15 seconds which we associate with multiple reflections from 

the base of the crust are not present either, on this seismogram (see 

Figure 5-9).. Therefore, evidently less P-energy has traveled as a guided 

wave for this event as compared vrith FSAZ and WMAZ, and the actual onset 

of PM-I? at SFAZ probably occurs about a second before the larger ampli- 

tudes appear at 16 seconds after the anival of Pn at SFAZ.  The station 

is about 100 km from FSAZ and attenuation in the crustal wave guide will 

made the onset of P„ P more difficult to pick for SFAZ.  It can be seen 
Ml 

on the seismogram for SFAZ in Figure 5-9 that the signal appears to be modu- 

lated by a lo»^-frequency wa 'e that begins at the expected time of arrival 

of PMlP (or P?). 
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CHAPTER VI 

METHOD OF ANALYSIS OF DATA RECORDED AT PERMANENT SEISMOGRAPH STATIONS 

Data available for analysis from permanent seismograph stations 

Table 6-1 summarizes the available seismic data from permanent seismo- 

graph stations that were used in the present investigation. A total of 

159 events are listed. The methods of analysis of these data will be given 

in a later section. 
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Table 6-1  Data from permanent seismograph stations that were 
digitized in the  present investigation 

STATION CODE: 

BCN 
FGU 
PCU 
SLC 
DUG 

DUG (Port) 

SPB 
LPS 

SYMBOL KEY 

* - Sei 
•• Eve 

# 

Boulder City, Nevada 
Flaming Gorge, Utah 
Price, Utah 
Salt Lake City, Utah 
Dugway, Utah (world-wide station) 
Heavy Mass Benioffs 
Dugway, Utah 
Portable Benioffs 
Bolivia - (world-wide station) 
El Salvador - (world-wide station) 

Seismic event. 
Event digitized at 9 5 minute angle 

from recorded base line. 
Event originally * and later confirmed 

in the February, 1964 edition of "The 
Effects of Nuclear Weapons", 

Event has IBM computer display. 

SECONDS 
DATE STATION DIGITIZED REMARKS 

9-19-57 BCN 10 RAINIER 

10-8-58 BCN 10 Confirmed Blast 

1 16-59 BCN 10 Central California 

2-27-59 BCN 6 Central Utah 

3-16-59 BCN U Central Nevada 

3-23-59 BCN 10 Central Nevada 

4-1-59 BCN 10 West Nevada 

7-24-59 BCN 10 N. California 

10-13-59 BCN 10 Central Arizona 

10-17-61 FGU 10 Central Utah 
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DATE STATION 

5-12-62 DUG 
6-1-62 DUG 
6-6-62 DUG 
6-13-62 DUG 
6-21-62 DUG 

6-30-62 DUG 
7-4-62 SLC 
7-6-62 SLC 
7-6-62 DUG 

** 7-6-62 DUG 

7-13-62 DUG 
** 7-13-62 DUH 

7-24-62 DUG 
7-27-62 DUG 
8-3-62 PCU 

8-3-62 SLC 
8-24-62 DUG 
9-6-62 SLC 
9-14-62 DUG 
9-16-62 DUG 

9-24-62 DUG 
9-28-62 DUG 
9-29-62 DUG 

** 10-5-62 DUG 
10-12-62 DUG 

10-19-62 DUG 
10-19-62 DUG 

** 10-19-62 DUG 
10-24-62 DUG 
10-27-62 DUG 

11-12-62 DUG 
12-7-62 DUG 
12-11-62 DUG 
12-12-62 DUG 
12-29-62 DUG 

1-6-63 DUG 
1-27-63 SLC 

** 2-22-63 DUG 
** 2-22-63 DUG 
** 2-24-63 DUG 

SECONDS 
DIGITIZED 

15 
18 
15 
13 
20 

15 
15 
10 
14 
^4 

7 
15 
15 
16 
10 

10 
18 
11 
20 
20 

14 
1J 

18 
9 

20 

16 
12 
31 
12 
15 

12 
14 
15 
20 
15 

15 
15 
25 
28 
25 

REMARKS 

AARDVARK 
# RACOON (twice) 
# PACKRAT 
# DESMOINES 
# DAMAN I 

# SACRAMENTO 
Bingham Blast 
Bingham Blast 
SEDAN 

# SEDAN 

MERRIMAC 
# MERRIMAC 
Mexico 

# WICHITA 
N. Chile 

N. Chile 
# BOBAC 
Magna, Utah 

# HYRAX 
Mexico 

Hokkaido, Japan 
W. Columbia 

# Confirmed Blast 
MISSISSIPPI 

# ROANOKE 

# Confirmed Blast 
Mexico 
Mexico 
Mexico 

# Confirmed Blast 

Andreanof Island 
# Confirmed Blast 
Central Utah 

# NUMBAT 
N. Chile 

Kurile Islands 
Central Utah 
North Pole 
Dominican Republic 
Guatemala 
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DATE STATION 

** 3-1-63 DUG 
3-7-^3 DUG 

** 3-15-63 DUG 
4-24^3 PC. 
4-24-6-« SLC 

5-4-63 DUG 
5-6-63 PCU 
5-6-63 DUG 
5-16-63 PCU 
5-17-63 DUG 

5-22-63 DUG 
5-25-63 DUG 
5-25-63 PCU 
5-27-63 SLC 
6-1-63 DUG 

6-3-63 DUG 
6-3-63 DUG 

** 6-5-63 DUG 
** 6-6-63 DUG 

6-10-63 DUG 

** 6-14-63 DUG 
6-24-63 DUG 
6-25-63 SLC 
6-25-63 DUG 

** 6-25-63 DUG 

7-2-63 DUG 
7-4-63 SLC 
7-4-63 DUG 
7-8-63 DUG 
7-15-63 DUG 

7-16-63 DUG 
7-17-63 DUG 

•* 7-20-63 DUG 
8-8-63 DUG 

** 8-"!-63 DUG 

8-13-63 DUG 
9-8-63 SLC 

** 9-13-63 LPS 
** 9-13-63 LPB 

9-13-63 SLC 

St^ONDS 
JIGITIZED 

14 
15 
17 
5 

15 

15 
13 
15 
15 
15 

24 
15 
15 
15 
15 

18 
15 
12 
20 
15 

14 
15 
15 
15 
13 

15 
20 
20 
15 
15 

15 
15 
12 
15 
15 

15 
20 
35 
37 
20 

REMARKS 

South Chile 

Price, Utah 
Price, Utah 

Andreanof Islands 
Price, Utah 
Price, Utah 
Price, Utah 
Kurile Islands 

Mexico 
Denver 
Denver (bad) 
Fox Island 
Samoa 

Hotishu 

Columbia 
+ YUBA 
#+ HUTIA 

Kamchatka 

+ MATACO 
Fox Island 
Yellowstone 
Yellowstone 

+ KENNEBEC 

Denver 
Tonga Islands 
Tonga Islands 
N. California 
Kamchatka 

Georgia, USSR 
West Nevada 
S. Nevada 
Fox Island 

#<- PEKAN 

Kodiak Island 
Fiji Islands 

# BILBY 
BILBY 
BILBY 
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SECONDS 
DATE STATION ' XGITIZED REMARKS 

** 10-11-63 DUG 15 + GRUNION 
** 10-16-63 PCU 20 + CLEARWATER 
** 10-16-63 SLC 17 + CLEARWATER 
** 10-16-63 DUG (Port.) 17 + CLEARWATER 
** 10-26-63 DUG 20 # SHOAL 

10-26-63 DUG 20 SHOAL 
** U-14-63 DUG 14 #<- ANCHOVY 

11-19-63 DUG 14 Bingham Blast 
11-19-63 SLC 20 Bingham Blast 

** 11-22-63 DUG 12 + GREYS 

** 12-6-63 DUG 18 Mono County, Calif. 
** 12-10-63 DUG 35 West Bolivia 
** 12-12-63 DUG 13 + EAGLE 
** 12-14-63 DUG 37 Central Alaska 
** 12-16-63 DUG 26 Ecuador 

** 12-19-63 DUG 32 Argentina 
** 12-20-63 DUG 32 N. Peru 
** 12-21-63 DUG 45 Tonga Islands 
** 12-29-63 DUG 40 N. Chile 
** 12-30-63 DUG 34 Kurlle Islands 

** 1-10-64 DUG 25 Kurlle Islands 
** 1-16-64 SLC 20 * 

** 1-19-64 DUG 25 Solomon Islands 
** 1-23-64 DUG 12 * 

** 1-30-64 DUG 20 * 

** 2-1-64 DUG 31 Fox Island 
** 2-6-64 DUG 30 Columbia 
** 2-9-64 DUG 25 Fiji Islands 
** 2-13-64 DUG 25 Bolivia-Brazil 
** 2-13-64 DUG 12 • 

** 2-19-64 DUG 29 N. Chile 
** 2-20-64 DUG 24 Kurlle Islands 
** 2-22-64 DUG 30 Kurile Islands 
** 3-12-64 DUG 20 * 

** 3-15-64 DUG 20 #* , 

** 3-23-64 DUG 20 # Walker Lake, Nevada 
** 3-24-64 DUG 20 # Walker Lake, Nevada 

** 3-31-64 DUG 25 # Kurlle Islands 
** 4-7-64 DUG 20 # Walker Lake, Nevada 
** 4-8-64 DUG 40 Kurile Islands 
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DATE STATION 

** 4-9-64 DUG 
** 4-14-64 DUG 
** 4-14-64 DUG 
** 5-14-64 DUG 
** 5-15-64 DUG 

** 6-11-64 DUG 
** 6-12-64 DUG 
*• 6-18-64 DUG 
** 6-20-64 DUG 
** 6-25-64 DUG 

** 6-30-64 DUG 
** 7-7-64 DUG 
** 7-16-64 DUG 
** 7-19-64 DUG 
** 8-8-64 DUG 

** 8-10-64 DUG 
** 8-18-64 DUG 
** 8-24-64 DUG 
** 9-23-64 DUG 
*■>:  IC-22-64 DUG 

SECONDS 
DIGITIZED 

35 
1^ 
33 
13 
15 

20 
20 
20 
20 
12 

14 
33 
12 
25 
30 

40 
40 
30 
19 
35 

* 
* 

REMARKS 

ff.l Salvador 

Kurile Islands 

Mexico 

Oregon Coast 

Nicaragua 

S. Peru 
Peru-Brazil 
Montana 
Las Vegas, Nevada 
SALMON 
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Data processing 

Each of the traces of the vertical-component and two horizontal- 

co^onent paper selsmograms was hand-digitized for a total length of 

15 to 40 sec; the length of the digitizing of each event usually de- 

pended on the clarity of the record and the quality of amplitudes of 

the events.  The digitizing interval was 0.05 sec.  The digitizing 

was done with a Gaertner microscope xy-coordtnate comparator 

(Fig.6-1 )•  The readings were corrected for the tilt of the zero 

reference line of the seismogram trace by drawing a straight construc- 

tion line at an angle of 9.5 minutes of arc counter-clockwise from the 

recorded base line at the beginning of the time interval to be digi- 

tized.  For a recorder-drum speed of 60 mm/min, the error in amplitude 

involved in using this construction line as the corrected zero refer- 

ence line is only 0.055 ram and 0.110 mm at times of 20 and 40 sec, re- 

spectively, after the start of digitizing; and this error in amplitude 

was considered negligible in this study. 

The. events that were digitized in this manner are given in table 

6-1.  In the early part of our work some seismograms, as for example 

those from the Boulder City station, were digitized at 0.1-sec inter- 

vals; and also some of these were not corrected for tilt.  However, 

these were not used in the later detailed analysis discussed later in 

this section. 

All paper seismograms that were digitized were carefully checked 

for differential shrinkage of the paper by measuring, with the Gaertr.er 

microscope xy-coordlnate comparator, the distance between the cones- 

ponding successive minute marks on the Z, E-W, and N-£. seismograms in 

that portion of each seismogram analyzed.  For essentially all of the 
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Figure 6-1. Gaertner microscope xy-coordinate comparator used for hand- 

digitizing seismograms. 



seismograms digitized out to a total time interval of about 20 sec 

(20 mm for a recorder-drum speed of 60 mm/mln), the differential 

paper shrinkage between the three-component records was less than 0.03 

sec and hence considerably less than one digitizing interval (0.05 sec) 

üiid therefore considered negligible.  For some of the seismograms 

digitized out to 40 sec (40 mm), however, the differential paper shrink- 

age slightly exceeded 0.05 mm; and proper adjustments in the reading 

procedures were made so that corresponding poincs on the three-component 

traces could be read and therefore compared with an accuracy of one 

digitizing interval (0.05 sec). 

It had been determined from graphical syrlnesis that an error in 

the digitizing interval of 0.05 sec for seismic waves of 1.0-sec period 

would not appreciably change the character of the particle-motion dia- 

gram. 

The digitized data for the Z, E-W, and N-S conq)onents were punched 

on IBM cards for subsequent data processing on either the IBM 7040 or 

IBM 1401, or both, which were available at the University of Utah Com- 

puter Center.  Various computer programs were used in the presentation 

of the data and the subsequent analyses of the data thac will now be 

described. 

The computer also computed and printed out the values of epi- 

central distances (using the Richter metho«- oi  calculations for short 

distances and Turner's method (Macelwane and Sohon, 1932, p. 285-287, 

for teleseismic distances) and printed out various forms of data pre- 

sentation that were used in the analysis of the data. 
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Particle-motion diagrams 

To facilitate the compilation of the particle-motion diagrams, the 

computer computed and printed out (from the E-W and N-S component values) 

the resolved radial-horizontal component value as measured along a hori- 

zontal azimuth toward the epicenter.  The particle-motion diagrams were 

at first 'land-plotted.  Later, the data were processed with the computer 

so that the particle-motion diagrams were plotted automatically on a Cal- 

Comp plotter.  For each event, particle-motion diagrams were plotted in 

(1) a vertical plane along the azimuth toward the epicenter and (2) a 

horizontal plane; in this report these will be designated as vertical and 

horizontal particle-motion diagrams, respectively. 

Other presentations of data 

The computer printed out, in the form of a closely spaced dot pre- 

sentation (at Ü.05-sec intervals) on the abscissa the following four traces 

(Fig. 6-2): 

(1) The values of the resolved radial-horizontal component (Fig. 6-2D). 

(2) The values of the vertical component (Z) (Fig. 6-2E).. 

(3) The values of the horizontal north-south component (NS) 

(Fig. 6-2F). 

(4) The values of the horizontal east-west component (EW) (Fig. 6-2G)- 

Figure 7-8 also shows an example of this type of presentation for the 

undergrrvnd nuclear explosion DAMAN I, in which trace D is at the top c 

the diagram and traces E, F, and G are successively below it. 

To facilitate the recognition of the various phases, threa types of 

closely spaced dot presentations werp printed out by the computer: 
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A. A presentation to distinguish between P-llke and S-llke motion. 

Figure6-3 shows hew this presentation is obtained.  On the vertical 

particle-motion diagram (Fig. 6-3 A),  "P-like" (points a and b) and 

"S-like" (points c and d) motion, respectively, are shown between two 

successive points digitized at 0.05-sec intervals.  The absolute magni- 

tudes of these particle-motion vectors are then drawn to scale (in ran) 

as ordinate (Fig. 6-3 C) so that P-like and S-like motion will be plotted 

above and below the reference line, respectively, at intervals of time 

corresponding to the digitizing interval.  A predominance of the length 

and number of dots above the abscissa during a given time interval indi- 

cates P-Mke motion and a predominance of the length and number of dots 

below the abscissa indicates S-like motion.  Figure 6-2 A gives an ex- 

ample of this type of presentation for DAMAN I. 

B. A presentation to distinguish between prograde and retrograde 

motion.  As shown on the vertical particle-motion diagram (Fig. 6-3 A), 

the value of the angle of orientation of the line between two successive 

points, as measured counterclockwise from the horizontal line in the 

direction toward the epicenter, is either 0 to ffll  or -ff tc 311/2 

radians for S-like motion and either 77^/2 to ff    or 3Jf/2  to 2^ 

for P-like motion.  The value of c\ is drawn to scale (in radians) as 

ordinate (Fig. 6-3 D) above the abscissa at intervals of time correspond- 

ing to the digitizing interval.  This presentation indicates the direction 

of apparent rotation of the motion on the vertical particle-motion diagram: 

(1) if the values of the loci of the top of the dots Increase as time in- 

creases, the motion is prograde (counterclockwise); and (2) If the values 

of the loci of the top of the dots decrease as time increases, the motion 

is retrograde (clockwise).  It should be noted that forc( = 0, the 
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direction of motion Is toward the epicenter.  Figure 6-2B gives an 

example of this type of presentation for DAMAN I. 

C.  A presentation to distinguish between linear and elliptical 

motion.  On the horizontal particle-motion diagram (Fig. 6-3 B), the 

length of the resultant line of two successive, points (e and f) is pro- 

jected on both (a) thu horizontal azimuthal direction away from the epi- 

center, for which the component value is plotted to scale (in mm) above 

the reference line (Fig, 6-3 E) (this component is the resolved radial- 

horizontal component value) and also (b) the direction perpendicular to 

the azimuthal direc ion, for which the component value is plotted to 

scale (in nan) below the reference line (Fig. 6-3 E).  In this presenta- 

tion, a purely compressional (P) wave or shear (SV) wave polarized in 

a vertical plane along an azimuthal direction from the epicenter would 

have values in the direction of the azimuth only (dots above the abscissa 

only).  Thus a preponderance of dots above the abscissa indicate linear- 

type motion; and a number of dots below the abscissa indicate a corres- 

ponding amount of elliptical-type motion in the horizontal plane. Figure 

6-2c gives an example of this type of presentation for DAMAN 1, 

It should be emphasized that the motions indicated by these presenta- 

surface 
tions are ground/motions only, and that caution must be used when relating 

this motion to body waves. 

In Figure 6-2> for DAMAN I underground nuclear explosion, these dot 

presentations are displayed together with the digital-to-analog seismo- 

grams and vertically above them in the same time sequence.  This type of 

composite presentation affords a powerful method of analysis of the phases. 
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CHAPTER VII 

INTERPRETATION OF DATA RECORDED AT PERMANENT SEISMOGRAPH STATIONS. 

Consistency of the character of body-wave phases of underground nu- 
clear explosions from Nevada test site and recorded at Dugway, 
Utah 

Investigators of refraction seismic studies of earth crustal struc- 

ture have long recognized the similarity of the seismograms obtained at 

a given station when shots are repeated at the same or near-by shotpoints. 

For example, for seismograms observed from the underground nuclear explo- 

sions LOGAN and BLANCA at an epicentral distance of 1610 km, Romney (1959, 

Fig. 2, p. 1492) recognized tht similarity of the waveforms from both 

shots; he reported that "each of the HARDTACK underground nuclear explo- 

sions produced almost identical waveforms at a given station".  To our 

knowledge, however, litlie quantitative analysis has ever been made of 

this similarity. 

We will first discuss the striking consistency of the body-wave 

phases after the arrival of the first P energy, and later show how this 

consistency can be used for the positive detection and identification of 

certain underground nuclear explosions from the Nevada test site as re- 

corded at the Dugway, Utah station. 

Available data 

The seismograms used in this study were obtained at the Dugway 

seismograph station, Utah (Fig. 7-1), which is one of the stations in the 

University of Utah network.  The instrumentation is the type used in the 

standardized world-wide network operated in cooperation with the U.S. 

Coast and Geodetic Survey.  The three-component system is matched, with 

a magnification of 400,000 for each of the three seismometers, namely 

the vertical (Z), and the two horizontal (EW and NS) seismometers.  The 

drum speed of the recorder is 60 mm/min. 
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The seistnogranis for a total of 22 announced underground nuclear ex- 

plosions at the Nevada test site (NTS) were used for this study.  Figure 7-2 

shows the locations of 15 of these explosions, for which the latitudes 

and longitudes have heen declassified.  The announced Richter magnitudes 

of these events were 3.9 to 5.8.  In addition, several other events which 

have not yet been declassified but which are believed to be underground 

nuclear explosions from NTS, were analyzed; however, these are not in- 

cluded in this report. 

Tables 7-1 and 7-2 give unclassified pertinent data Incident to the 

announced nuclear explosions studies: table 7-1 gives principal facts that 

facilitate the intepretation; and table 7-2 includes data either observed 

on the seismograras or computed therefrom. 

Comparison of underground nuwlear explosions 

'.n the present study, an analysis was made of seismograms obtained 

at a single permanent seismograph station, namely Dugway, Utah, from (1) 

22 announced underground nuclear explosions at the Nevada test site (NTS) 

and (2) various other events which, on the basis of a brief examination 

of the original seismograuis only, were considered tentatively to be 

possible explosions from the NTS and therefore worthy of detailed study. 

During this analysis, a striking consistency in the character of 

the phases of the body waves during the first 15 to 20 sec after the first 

P arrival was discovered for several of the confirmed underground nuclear 

explosions and for several of the events that we now consider to be posi- 

tively, but as yet unclassified, underground nuclear explosions.  The con- 

istency of the t    ter of the phases is so striking that no only can 

some of the body phases, including certain provisionally interpreted con- 
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DeeeiBber il, IW3, froo Lieut. Robert E. kiecker, U.S. Air Force, who obtained this information fros publighed data. 

Epicentral 
distance TiBf of 

Date 
(GCT) Ha»« 

Magnitude 
(Richter 

scale) 

1/ 
Yield 

(H) 

to  Dugway, 
Utah 
(to) 

detonation 
(GCT1 

hr:«in:sec 
Latitude 

(North) 
Longitude 

(West) 
Typ« of 
material 

Shot 
Depth 
(f««t) 

5-12-62 AARDVASK 4.9 38 446.1 19:00:00.103* 37,03,5S" 116*01'49•, Tuff 1,434 
(1,424)** 

6-1-62 RATOOH • Low 448.0 17:00:Ot».l37S 37,02'44" 116*02,Ü4" Alluvium 550 
(539)** 

S-6-62 PAOOL 4.4 t 0.5 Lew 448.2 17:00:00.122# 37,02,45" 116*02'Zl" Alluvium 869 
(860)** 

6-13-62 OBS M0IHF.S 4.4 Low 440.1 21:00:00.116#*** 37,n,20" 116*09'44" Tuff 655 
(1,424)** 
(1.205) - 

6-21-62 DAMAB I •• Low 448.0 17.00:00.13l# 37*02,35" 116*01 ^O" Alluvium 860 
(854)** 

6-30-62 SACRAMEKTO 4.1 t 0.4 Low ';'••'. 5 21:30:00.155# 37*07"03" m'oj'sr Alluvium 500 

7-6-62 SEOAM 4.9 t 0.4 100 437.3 17:00:00.147 37*lO,37" nf>m02'iiV' Alluvium 600 
(635)** 

7-13-62 

T-27-62 

8-24-62 
(2nd expl.) 

9-14-62 

MERR1MAC 

WICHITA 

BGBAC 

HYRAX 

4.6 . 0.3   Low 

4.1 Z  0.6   Low 

4.0 , 0.5   Low 

4.1 . 0.7   Low 

447.1 

442.0 

44 7.4 

441. , 

9-29-62 AliECHSmr* 

10-5-62 HlSSISlIPP 

10-12-62 R0AS0KE 

10-19-62 BAMHCOOT* 

10-27-62 SAHTEE* 

12-7-62 TESraRAC* 

12-12-62 HUMBAT 

6-6-63 HOTIA 

8-12-63 PEKAll* 

9-13-63 BILBT 

10-26-63 SHOAL 

11-14-63 AHcaovr 

Low 

Xatermed**  440.8 

3.9 t 0.3   Low        442.2 

Low 

Low 

Low        . - 

4,3 t 0.5   Low        446.9 

Low** 

Low 

5.8        200        446.0 

About 12** 

Low 

16:00:00.2# 

21:00:00.2* 

17:00:00.13# 

17:10:00.1« 

17:00:00.2« 

17:00:00.15# 

37*03'18' 116*02'00"   Alluvium   1.370 
(1,356)** 

J7*07'47"   116*03'?3*■   Alluvium 

37*02".o"    iWOl'Zfi"   Alluvium 

37*02,38.8  :16*01'16.0" A'-luviu» 

Tuff** 

37*08,22"   116*03'01"   Tuff 

15:00:00.155#   37*07'22"   116*03'03"   Alluvium 
(Tuff) 

750 
(493)** 

680 
(675)** 

'18 
(72G)** 

692** 

1,620** 

514 
(510)** 

Alluvium**   800** 

Alluvium** 1,050** 

18:00:00.08*' 

15:00:00.14## 

19:00:00.09##      - ... 

18:45:00.1***   37*02'46.0" U6*00'56.2M Alluvium     775 

Alluvium     442** 

Alluvium**   997** 

14:00** 

23:45** 

17:00:00.13 37*03,38"   116*0ri8"   Tuff 2,314 
(2,413)*- 

17:00:00.100 -' 39*12'01" - 118*22,49" " Granite**  1,205** 

16:00** Alluvium     853** 

— Low yield means less than 20 kllo'ons; intermediate means 20 to 999 kilotons, inclusive. All yield data taken fro« Glasst 

2/ Ocptesaion la subsidence of earth into underground cavity, as distinguished Item  crater by throw-out of eaith. All dtprejt 

— Excavation experiment; formed crater about 1,280 ft. diameter, 320 ft. naximum depth (Glasstone, 1964). 

!t/ Written conBunication from C. C. Batss to T. W. Ctless, Oct. 14, J964; also Caless, 1.965, p 1-1. 

#(1) Written coraaunicatlon December 11, 1963 from Lieut. Robert E. Riecker, U.S. Air Force and (2) written communication, July 4 
March 25, 1963 frora Major General A. W, Betts, U.S. Atomic Energy Coomisslon. 

##  Written coaaunication, July 9, 1962, October 8, 196^ and March ?9, i963 from Major General A. W. Betts, U.S. Atomic Energy 

*  Written coraounlcatton from Dixon Stewa.-t, U.S. Atomic Energy CommiiiSion, received October 21, 1964. 

*•  Glfsstone, Samuel (editor), 1964, The effects of nuclear weapons: published by U.S. Atomic Energy CoBmlttee, April 1962, A: 
February 1964.  Some shot-depth data differ somewhat from those originally given «» i.>y Lieut. R. E. Riecker. 

***  The detonation times of 2200 »nd 1745 for DES M01HES and SUMBAT, respectively, on p. 6776 of Clafiatore ar? Incorrect (writ' 
fro« Brigadier General D. L. Crowsnn, U.S. Air Force). 

ft 



ind  nuclear  explosions  at   Nevada   test   site     (OTSi.     All  data,   unless  otherwise   not^d,   were  obtained   in written  v ommunlcatton, 
s.obert  E.  Riccker,  U.S.   Air Forer,  who obtained  this   infertMCion  from publllhed  dita. 

1/ 
Yield 

) (kt) 

38 

Low 

3 Low 

Low 

Low 

!        Low 

Low 

Low 

Low 

EplGentral 
distance 

to Pugwgy, 
Utah 
(toe) 

446,1 

448.0 

448.2 

440.1 

448.0 

Low 442.5 

100 437.3 

447.1 

442.0 

447.4 

447.4 

Low 

Interred**  440.8 

Low        442.2 

Low 

Low 

Low 

5 Low 

Lou** 

Low 

200 

446.9 

446.0 

About 12** 

Low 

Time of 
detonation 

(GCT)        Latitude 
hr:min;sec       (North) 

19:00:00.103#   37*03'5S" 

17:00:00.137*   37,02,44" 

17:00:00.122#   37*02'45" 

Longitude 

(West) 

n6o02,04" 

li6,02'21" 

Type of 
material 

Tuff 

Alluvium 

Altuvlun 

21:00:00. U6#*** 37,13'20"   U6,09,44"   Tuff 

17:00:00.131#   37*02,35"   l^'Ol'SC"   Alluvium 

21:30:00,155*   37*07,03" 

17:00:00.147    37,10'37" 

11 J2,51" 

116*02,43" 

16:00:00.2# 37,,03'18"   116,02,00 

21;00:00.2#     37*07'47"   116*03'23" 

Alluvium 

Alluvium 

Alluvium 

Alluvl'.™ 

17:00:00.13«    37,02,46"    116•0^26,,    Alluvium 

17:10:00.1# 37,02,38.8  116'01,16.0" Alluvium 

17:00:00.2## 

17:00:00.15*    J7»08,22" 

15:00:00.155*   37*07'22" 

I16*03'01" 

116'03'03" 

18:00:00.OS^ - 

15:00:00.14## - 

19:00:00.09« - 

18:45 ;00.1**» 37*02 46.0" 

14:00** - 

23:45** - 

1/:00:00.13 37*03 38" 

17:00:00.100 -/ 39*12 
4 

01" - 

16:00** . 

Tuff** 

Tuft 

Alluvium 
(Tuff) 

Alluvium** 

Alluvium** 

Shot 
Depth 
(feet) 

1.434 
(1,424)** 

5M) 
(539)** 

869 
(860)** 

655 
0.424)*«, 
(1.205) - 

860 
(854)** 

500 

600 
(635)** 

1,370 
(1,356)** 

750 
(493)** 

680 
(675)** 

716 
(720)** 

692** 

1,620** 

514 
(510)** 

800** 

I,050** 

116*00,56.2" Alluvium 775 

AUuvlun 442** 

Alluvium** 997** 

llö'Ol'lS"   Tuff 2,314 
(2.413)** 

4/ 
U8*22,49" - Granite** 1,205** 

A-luvium 853** 

2/ 
D*p! etiioir- 

Surface     Shot       (OUa. k 
Elevation   Elevation  Dept ■•, 
(feet)      (feet)     (fee.) 

4.072 

4,021 

5.652 

4,016 

4,240 

4.317 

4.341 

4,239 

4,013 

4.016 

4,197 

5,248 

2,638      924;?2 

3,47!      314:24 

4,022      3.153      598',4'. 

4,997      None 

3,156 

3,740 

3,657 

3,671 

3,489 

3,333 

556;96 

356;41 

3/ 

662;50 

390; 36 

425:^5 

3,298      474;100 

- 100;10 

2,609 425:125 

3.683 80;5 

- 300;100 

- 400;20 

4,030 3,255 500;SO 

- - 300;20 

- - 550;60 

4,074 1,760 1800;CO 

.  .,.*/ 

600;65 

10  kilotons; Intermediate means 20 to 999 kilotons. Inclusive. All yield data taken from Clasatone, 1964. 

f eai'th Into underground cavity, as distinguished from crater by throw-out of earth.  All depression data taken from Glasstcne, 1964. 

ried cv-ate.- about ),280 f r. diameter, 320 ft, maximum depth (Classtone, 1964). 

, C. C. Bates to T. W. Caleas, Oct. 14, 1954; also Caless. 1965, p 1-1. 

Tiber 11, 1963 from Lieut. Robert E. Riecker. U.S. Air Force and (2) written communication, July 9, 1962, October 8, 1962, and 
General A. W, Betts, U.S. Atomic Energy CoBBission. 

, 9. 1962, October 8, 1962 and March 29, 1963 from Major General A. W. Betts, U.S. Atonic Energy Commlsilon. 

, Dlxon Stewart, U.S. Atomic Energy Ccroaisslon, received nctob«r 21, 1964. 

, 1964 The effect» of nuclear weapons; published by U.S. Atomic Energy Comnlttee, April 1962, Appendix B; revised edition reprinted 
iepth data differ somewhat from thoseoriglnally given Hi  by Lieut. R. E. Rieck*r. 

■0 and 1745 for DES MOINES and NUMBAT, respectively, on p. 6776 of Glass  ie are Incorrect (written comnu «cition, January 18, 1965 
i.. Crowson, U.S. Air Force), B 



Table Ti2-.— Observed travel tlaes and other pertinent data of announced underground nuclear explosions, Hevada teat alte (WS), 

Date 
(GCT) Ni«e 

Epicentral 
Distance 

to 
Dugway, 
Utah 
(to) 

Tiae of 
Detonation 

(GCT) 
has 

Time# of 
Start  of 

DlgUUlng 
(CtT) 

h    m     5 

Observed 
(or Estimated) 

Tlae# of 
Arrival  of Pn 

(GOT) 
hag 

Observed  (or 
Estinated) 
Travel Tl«e 
of Pn 

(sec) 

Tim» of Pn(?) 
«rtxrt* to 

Left   (L)   or 
Rifcht   (8) 
of COO an 
Olgital-to- 
Analog 
Selmuogram 

(sec) 

Length 
of Tioe 
Digitized 

10-26-63 SHOAL 4«9,8 00 00.IOC 17 01 08.8 17 01 08.8 66.? 0.0 

6-6-62 PACKRAT 448.2 00 00,122 17 01 02.1 (17  01 02.5) (62.4) 0.4   to R 15 

6-21-62 DAMAN  1 448.0 00 00.131 17 01 02.1 U7 01 02.0) (61.9) 0.1   to L 20 

6-1-62 RACC008 448.0 00 U0  137 17 01 03.8 * • * !8 

8-24-62 BOBAC 447.4 00 00.13 17 01 02.1 (17  01 02.3) (62.2) 0.2  to R 18 

9-U-62 ivnM 447.4 10 00.1 17  11 02.1 (17 11 02.5) (62.4) 0.4  to R 20 

7-13-62 HERRIKAC 447.1 16 00 00  2 16 01 01.0 (16 01 02.2) (62.0) 1.2  to R 15 

12-12-62 NUHBAT 44Ö.9 18 45 00.1 18  't6 02.1 (18 46 02.4) (62.3) 0.3  to R 20 

5-12-62 AAXDVARK 446.1 19 00 00.103 19 01 02.5 19 01 02.4** 62.3(? ) 0.1  to L 14 

9-1 >63 BILBY 446.0 00 00.13 17 01 02.2 17 01 02.3 62.2 0.1   to R 

6-30-62 SACRAMEWO 442.5 30 00.155 2)   31 02.0 (21   31 01.8) (61.6) 0.2  to L 15 

10-12-62 R0A1KÄE 442.2 00 00.155 i5 01 02.1 (15 01 01.8) (61.6) 0.3  to L 20 

7-27-62 WtCHITA 442.0 00 00,2 21 01 02.1 (21 01 01.7) (61,5) 0.4  to L 16 

10-5-62 Missisnppi 440. S 30 00.15 17 01 02.1 (17   01 02.0) (61.9) 0.1   to L 9 

7-6-62 SEDAH 437.3 00 00.147 17 01 01.1 (17 01 01.3) 61.2 0.,'  to R 14 

6-13-62 ms mims 440.1 21 % 00.^16 21 01 02.1 (21 01 01.2) (61.1) 0.9  to L 13 

9-29-62 ALLEGHEHY 17 00 00.2 17 01 02.1 (17 01 01.6) (61.4) 0.5  to L 18 

10-19-62 BANDICOOT 18 00 00.08 18 01 02.1 (18 01 02.6) (62,5) 0.5  to R 16 

10-27-62 SANTEE 15 00 00.14 15 01 02.1 * * * 15 

12-7-62 TBHraiAC 19 00 00.09 19 01 03.6 (19 01 02.6) (62.5) 1.0 to L 14 

6-6-63 HUTIA 14 00 14 01 03.8 * * * 20 

8-12-63 PEKAN 23 45 23 46 02.3 (23 46 02.3) (62.2( )>i/ * 15 

11-14-63 AKCHOW 16 00 16 01 05.3 (16 01 02.4) (62.3C ^ 2.9 to L 14 

♦ Aaplltude too »»a'I for accurate determination. 
** On EH «eisnograia only (vertical seismograra bat a conaidcrablt anount of local DOiae. fn m*f  have «rrlv«d 

alightly earlier than Indicated on this seisoogram, which also had a conaiderable anoynt of   local noise 

# Corrected for any necessaiy clock correction. 

- Aatuaet that the tl»« of detonation waa about 00.1 sec after the ainute indicated in tie "Tiise of detonation" column. 
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verted wave?, be recognized, but also certain underground nuclear explo- 

sions can be positively detected and identified by this similarity. 

In the present report, this consistency of the character of the phases 

of certain underground nuclear explosions will be described; and an Inter- 

pretation of the recognizable bcdy-wave phases and a comparison of their 

relative amplitudes will be given. 

Crustal models and possible body-wave phases for area of investigation 

The crustal model of Berg and others (1960) for the eastern part of 

the Basin and Range province, as determined from chemical explosions at 

Promontory and Lakeside, Utah and from underground nuclear explosions at 

the Nevada test site, comprises (1) a top 9-km-thick layer with a velocity 

of 5.73 km/sec; (2) a 16-km-thick layer with a velocity of 6.33 km/sec; 

and (3) a 47-km-thick layer with a velocity of 7.59 km/sec overlying a 

mantle at a depth of 72 km with a velocity of 7.97 km/sec.  The crustal 

model of Pakiser and Hill (1963), which was obtained with an unreversed 

northward-trending seismic refraction profile from underground nuclear 

explosions at the Nevada test site that extended northward to Elko, 

Nevada and beyond, comprises essentially a one-layer crust with a velo- 

city of 6.03 km/sec overlying the mantle at a depth of 28 km and with a 

velocity of 7,84 km/stc.  Pakiser and Hill (1963, p. 5763) cite definite 

evidence for an intermediate layer of velocity 6.7 km/sec along reversed 

profiles extending from Elko, Nevada. 
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The epicentral distance of the events for most of the selsmograms 

Investigated in this phase of the study was 437 to 448 km (table 7-2). 

For these epicentral distances and using the earth crustal model of Berg 

and others (1960) for the eastern part of the Basin and Range province, 

Figure 7-3 shows the ray paths and some of thd various phases hat could 

theoretically be expected to arrive at Dugway from NTS.  Listing them In 

the order of expected arrival at Dugway, we have: 

P The refraction from the 25-km-depth boundary, 
(i.e., PPPPP) 

PPPPPPP     The refraction from the 72-km-boundary. 
and/or 
PxnP       The reflection off th-1 72-km-depth boundary. 

SSPPP       A P phase, which is a head waves which originated 
at the explosion as shear and which was converted 
to P at the 25-km-depth boundary, and continued on as 
P. 

SSPSS       An S wave which is converted co P at the 25-km-depth 
boundary and travels back up through the crust as S. 

PPP The refraction from the 9-km-depth boundary. 
and/or 
PjjP        The reflection off the 25-km-depth boundary. 

PPS Head-wave conversions from the 9-km-depth boundary. 
and 
SPP 

SPS A shear phase, which originated at the explosion as 
shear and which was converted to P at the 9-km-depth 
boundary, and then converted back to S. 

P * A channel wave in the upper part of the crust. 
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Using the model of Berg and others (I960), Figure 7-4 shows the true 

angles at which some of these phases should arrive at Dugway from NTS. 

For this same model, Figure 7-5 shows ti^ travel-time curves for these 

phases.  It should be noted that for an epicentral distance of about 

448 km, for example, the various phases arrive at intervals of about 

2 to 4 sec after each other; at a couple of times, however, there is a 

possible overlapping of the phases. 

Using the digitized data, both vertical particle-motion diagrams 

(that is, in a vertical plane along the great-circle azimuth away from 

the explosion) and horizontal particle-motion diagrams (that is, in a 

horizontal plane) were plotted--at first by hand-plotting and later in 

the project with a CalComp plotter. 

Figure 7-6 shows the vertical particle-motion diagrams for DAMAN I 

underground nuclear explosion.  The scale, in ram on the original seismo- 

gram, are shown; the scale may change from one diagram to the next.  Also 

note that "toward" and "away" from the explosion are to the right and left, 

respectively--which is opposite to the usual convention.  "Up" and "down" 

motion are as indicated. P-like motion would be dominantly in quadrants 

II and IV, whereas S-like motion would be dominantly in quadrants I and 

III.  The dots are at the 0.05-sec digitizing intervals, and the numbers 

ire in seconds after the start of digitizing. 

-80- 



o 
o 
Ü 

CO 

Oj 

O- 

o 
o 

o_ > 
CSJl-o 

c 
o 

s 
c 
o 

o 
X 

Ö 

Ü 

2  c <P — 
CO   ^ 

o 
o 

« 

«A 
<A    C 

•   '" 
ä, >, 

°l 
« 
> 

!0 
u » 0) 

c £ o 4-1 
•H o 
tfl 
o ■o 

r-t c 
a « 
X 
(U 00 

M 
s- <u 
m 03 
4) 

^-l (u 
U 0 
3 
C r-l 

01 
TD T3 
C O 
D B 
O 
u r-l 
00 fl) 
1-1 4-1 
OJ «3 

•o 3 
c H 
3 u 

}H   X. 
«o 4J 

hJ M 
>-t «5 
CO 01 

g -o o c 
u rt 

U-( 
« 

>1 M 
<3 o 
3 ^ 
EG « 
3 r-t 
O 

f-l 
4-1 <« 
<5 4J 

c 
00 0 
C N 

•i-i •r* 
> u 

■H 0 
U Ä 
U 
(0 00 

c 
ts •H 
0) s 
to 3 
« » 
X t« 
a ffl 
OJ m 

i—t vO 
J3 ^ 

* .-t 
vJ 
(0 •* 
O n 
e.r-i 

a> M g <u o J3 
0} B 

0) 
u-i 4J 
o o. 

<u 
« 'A 

JC 
u •« 
«a ill 
a 4J 

•H 
>, M 
<« 
ei 4J 

en 
01 • 4-1 

-* * 
i «8 ^> 

r^ T3  O 
<«  vO 

a» > av 
t-i <Ü   r-t 
3 S5 ^ 
00 

tu 



140 

130 

O 
Ui 

u 

t- 

Figure 7-5. Theoretical travel-time curves for various refracted, 
reflected, and converted waves using the earth crustal model of Berg 
and others (1960) for the eastern part of the Basin and Range 
province. Horizontal layering is assumed. 
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Using the same crustal model of Berg and others (1960) just described, 

we provisionally interpret the phases indicated on this particle-motion 

diagram as follows: 

Approximate time 
(sec) 

(Not seen on this record--amplitude 
too small) 

Phase 

n 

PIIIP and/:!r PPPPPPP 

SSPPP 

SSPSS 

P P and/or PPP 

PPS and SPP 

SPS 

F, or a Multiple of P 

2.5 

4 

7 1/2 

8 

10.1 

11 1/2 

13 

The phases correspond well in arrival time with those shown in 

table 7-3 for this model.  However, there are still some problems in 

identifying positively several of the phases that need to be resolved. 

Table 7-3 shows the theoretical travel times of early-arriving body- 

wave phases, including certain converted head waves and certain reflected 

waves, for an epicentral distance of 448 km (Nevada test site to Dugway, 

Utah) for the crustal models of Pakiser and Hill (1963) and Berg and 

others (1960).  The time interval ^t, is the calculated time of arrival 

of each phase after the arrival of Pn as * . ied on each model. 

Although the travel times for some of the phases differ markedly be- 

tween the model, the travel times for other of the phases are essentially 

the same. 
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Table 7-3.  Theoretical travel times of early-arriving body-wave 
phases, including certain converted head waves and cer- 
tain reflected waves, for an epicentral distance of 448 
km (Nevada test site to Dugway, Utah) for the cr.istai 
models of Pakiser and Hill (1963) and Berg and others 
(1960).  Time At is the calculated time ot  arrival of 
each phase after the arrival of Pn, as based on the model 

Phase 

■ n 

PPPPPPP 

PIIIP 

SSPPP 

SPS 

g 

PJ-JS or Sj-j-P 

sn (SSSSS) 

g 

Crustal model 

Pakiser and Hill (1963)  Berg and others (1960) 
Travel 
Time 
(sec) 

At 
(sec) 

Travel 
Time 
(sec) 

At 
(sec) 

63.0 

67.3 

SSPSS 71.6 

PPP** and/or PJJP  75.2 

.?PS and/or SPP 

74.6 

81.3 

109.3 

128.5 

17 
0.0 63.9 - 0.0 

-- 65.2 1.3 

-- 65.3 1.4 

4.3 67.8 3.9 

8.6 71.7 7.8 

12.4 72.3 8.4 

__ 74.0 10.1 

_- 75.7 11.8 

11.6 78.3 14.4 

18.3 77.3 13.4 

46.5 110.7 46.8 

65.7 135.5 71.6 

— The travel time of the first arrival shown on Fig. 7 of Berg and 
others (I960, p. 525) is 62,9 sec, which is in excellent agreement 
with that of Pakiser and Hill (1963). 

** PPP is for model of Berg and others (1960) only. 
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Figures 7-7 and 7-b show the digital-to-analog seismograms of 

BILBY and DAMAN I, respectively.  In each figure, from top to bottom, 

are: 

D. The resolved radial-horizontal component 

E. The Z component 

F. The north-south component 

G. The east-west component 
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Observed phases 

Arrival of Pn~- Pn (the first arriv.1 of P, as a refraction off the 

25-km-depth layer, also designated as PPPPP) was observed at Dugway with 

certainty for BILBY only.  BILBY gave an excellent first P-motion, and 

its observed travel time of 62.2 sec (table 7-2) is believed accurate 

to within 0.2 sec.  For an epicentral distance of 446.0 km, this value 

of travel time compares favorably with the value of (1) 62.7 sec taken 

from the travel-time curve of Pakiber and Hill (1963) for eas'^rn Nevada 

and (2) '>2.9 sec taken from the travel-time curve of Berg and others (1960, 

p. 525), provided the first-arrival curve on Figure 7 of Berg and others 

is used.  It should be noted that although at an epicentral distance of 

448 km, the observed travel-time curve of Berg and others (1960, p. 524; 

Fig. 7, p. 525) for the underground nuclear explosion BLANCA indicates 

a value of 62.9 sec,- the computed travel time from the formula for their 

crustal model is 63.9 sec because their fomula was obtained by averaging 

data other than that from BLANCA alone.  This 1-sec discrepancy, however, 

is reflected in the travel-time curves of the crustal model of Berg and 

others (I960) in Figure 7-5 by a l-sec delay in the absolute time of 

arrival of P .  Other minor variations can therefore also be expected 

in comparing the theoretical (based on the crustal model) and observed 

values of the time intervals, ^t, after the first arrival of Pn (i.e., 

PPPPP in Figure 7-5 "*. 

One of the portable stations ..9B) used in the measurements from 
BLANCA was in Skull Valley, Utah within about 20 miles from the 
Dugway station. 
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The observed travel times of the first arrivals at Dugwfy from the 

underground nuclear explosions SEDAN, AARDVAßK, and MISSISSIPPI (table 7-1) 

give partial confirmation for the observed travel time for BILBY, provided 

their different epicentral distances are taken into account.  It is found, 

however, that the discrepancy in travel times between BILBY and these 3 

explosions may be as large as half a second; and this discrepancy is 

attributable largely to the inaccuracy of picking the first arrival 

amidst the microseismic or local noise on the sf.ismograms of these 3 

explosions. 

For essentially all of the selsmograms used in this study, the 

arrival of Pn was not definitely observed on the seismograms, even with 

our microscope, as it was usually masked by microseismic noise.  However, 

to study the consistency of the body-wave phases, it is not necessary to 

observe the f?.rst arrival of Pn on all seismograms. 

Because of the similarity of the character of the early body-wave 

phases, especially as observed on the ditial-to- ialog selsmograms (as 

discussed below), the positive determination of the arrival of Pn on the 

BILBY digital-to-analog seismograms permitted an estimation to be made 

of the probable time of the arrival of Pn on each of the other digitnl- 

to-analog seismograms--even though the Pn arrival could not actually be 

observed on these othe' seismograms.  The probable time of the arrival 

of P on each of the other digltal-to-analog seismograms was determined 

by (1) matching them, over a light table, with the digital-to-analog 

selsmograms of BILBY, and marking on them the position where the arrival 

of P would be expected.  On the reproductions in this paper, this posi- 

tion is indicated with ',Vn  (?)" and a vertical arrow.  In using this 

procedure, the assumption is made that the time interval between the 
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arrival of P and the very early body-wave ph\ses Lhat are observed (even 

when Pn is not observed) does not vary appreciably 'rom seismogram to 

seismogram for many (but not necessarily alO underground nuclear e3cple- 

sions that occur within perhaps 10 km of each other within NTS.  This 

assumption is believed valid; but its validity Is still being tested. 

It should be noted that the accuracy of any predicted time of deto- 

nation cf an event that is detected and tdertified as an underground 

nuclear explosion within NTS will be predicated principally on the accuracy 

of the determination of the arrival time of Pn for BILBY. 

Phases after Pn.-- When the digital-to-analog records, which are 

printed out by the IBM 1403 printer, are compared by placing any two 

records over each other on a light table, the consistency of the character 

of the body phases during the first 15 tc 20 sec after the arrival of Fn 

is striking. 

During approximately the first 2 sec after the arrival of Pn in the 

seismograms used in this study, little consistency is generally observed 

because of microseismic background noise; if any is seen, one must inter- 

pret it with caution.  Beginning with about 2 1/2 sec and thereafter for 

most of the digital-to-analog traces Included in this study, the amplitudes 

of the body phases are generally sufficiently above the microseismic 

noise level so thai" consistencies of the character of the phases can be 

recognized when they exist. 
and/ (table 7-4) 

PlIlP(?)/or PPPPPPP(?)•-- A small but distinct P arrival/that was 

observed at a time interval, /^t, of about 2 1/2 sec after Pn from essen- 

tially all of the nuclear explosions of Richter magnitude 4.1 or greater 

is provisionally interpreted as a reflection or refraction from the 72-km- 

depth boundary postulated by Berg and others (1960) in the eastern part of 
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the Basin and Range province.  The distance for critical reflection 

frum the 72-km layer of the model of Berg and others (1960) is about 

350 km. 

SSPPP(?),— The phase tentatively identified as SSPPP is a promi- 

nent phase that occurs on essentially all the 22 seismograms recorded at 

Dugway from underground nuclear explosions detonated at NTS.  The phase 

arrives about 4 to 4 1/2 sec after the arrival of Pn, is usually charac- 

terized by a W-shape on the digital-to-analog seismogram, is much larger 

than Pn, and is prominent even when P is too small to be identified. 

The SSPP? phase is designated for energy which apparently originates as 

a shear wave at NTS, travels down through the two upper crustal layers 

as a shear wave to the 25-km-depth boundary, travels as a P head-wave 

along this boundary, and then travels up through the two-layer crust as 

a P wave. 

The phase shows about equal amplitudes of deflection on the vertical 
(table 7-4) 

and north-south component^.  Particle-motion diagrams of this interval 

show the motion to be P-like with an apparent incident angle (from the 

vertical) of about 30°.  For reasons as yet unexplained, the east-west com- 

ponent shows little motion although ehe energy from NTS should be arriving 

at about equal amplitude on both horizontal components. 

On seismograms with energies appreciably above the microseism level, 

a very synmetrical envelope can be drawn around the peaks of the SSPPP(?) 

phase (see DAMAN I and MERRIMAC)  This envelope suggests that the SSPPP(?) 

phase may start at a time interval ^t as eirly as 4.4 sec (after Pn) , 

which is close to the theoretical times of arrival of 3.9 and 4.3 sec for the 

models of Berg and others (1960) and Pakiser and Hill (1963). respectively. 

The particle-motion diagram at about 4 1/2 sec shows a very strong dls- 
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tinctive arrival of a P-llke wave; this P-like wave is perhaps the most 

striking characteristic found when comparing all records and is probably 

the start of the SSFPP phase. 

The evidence secma strong that the phase starting at about 2 1/2 

sec is not the start of the high amplitude deflections between 4 1/2 

and 7 sec (the SSPPP phase).  The apparent gradual build-up of the north- 

south component suggests that the opposite may be possible.  In most cases 

the amplitude on the Z component decreases after 2 1/2 sec, indicating 

an arrival of different energy at 4 1/2 sec, although a destructively 

interfering phase causing this decrease cannot be ruled out.  However, 

the particle-motion diagrams show that the P energy at 2 1/2 sec has 

a much steeper angle of incidence than the P phase at 4 1/2 sec; and on 

many particle-motion diagrams, there Is intervening S-like motion. 

If this phase is correctly identified as SSPPP, the large amplitude 

of this phase indicates that a large amount of shear energy must be gener- 

ated by some underground nuclear explosions.  The large amount ot shear 

energy that corresponds approximately with the theoretical times of Sn 

(i,e. SSSSS--see below) on this model also give additional supporting 

evidence.  If this presumption of a large amount of shear energy genera- 

ted by some underground nuclear explosions is incorrect, however, the 

phase designated SSPPP may be caused by a channeling effect that has 

not ye*- been recognized to date by the refraction work, or by a ringing 

effect of the Dugway station. 

SSPSSC?).-- The phase designated SSPSS(?) is an S wave which is con- 

verted to P at the 25-km-depth boundary and travels back up through the 

crust as S.  Except for this last leg, its path is identical to that of 

SSPPP(?).  The phase arrives about 7 to 7 1/2 sec after Pn and is much 
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(table /-4) 
smaller Chan SSPPP(?y.  This phase apparently corresponds with the phase 

tentatively Identified as SPS(?) by Pakiser and Hill (1963, p. 5761), who 

obser-ed the phase arriving about 8 sec after Pn and by Ryall and Stewart 

(1963, p, 5821), who observed the phase arriving about 10 sec after Pn. 

PJ-JP(?) and/or PPP(?).--  A prominent P phase arrives consistently 

about 8 1/2 sec after Pn: it, too, is sometimes characterized by a W-shape 

on the digital-to analog seismograras.  The amplitude of the deflection 

on the N-S component is usually about twice that on either the vertical 
(table 7-4) 

or E-W component/.  On some selsmograms. as for example, on the N-S com- 

ponent of DAMAN I, the shape of the phase closely resembles that of the 

SSPPP(?) phase.  Also a striking comparison was founc in the first de- 

flection of both phases, if present, immediately after 4 1/2 and 8 1/2 sec. 

The first peaks of these phases line up perfectly on nearly all records 

regardless of any other characteristics on the record or the locataion 

(within NTS) or magnitude of the explosion. 

On some traces, thert is some evidence of "ringing".  A consistent 

oscillation or "ringing" on the east-west compo.ient «tarts at 7.6 to 7.8 

sec after Pn, and gradually increases in amplitude to persist for approxi- 

mately 4 sec.  This appears on 13 of the 17 records in Area I and 3 of 

the 6 in Area II,  At 9 sec, this component is sometimes still large enough 

to influence the particle-motion diagram and may explain the inconsistent 

analysis of the type of motion (S-like or P-like) due to this phase as 

observed on the vertical and ocrth-south components. 

This phase is apparently the same as P (after Mohorovicic) observed 

by Ryal' and Stuart (1963, p. 5821) and interpreted by them as a phase 

"associated with waves reflected beyond the critical angle, from the base 

of the crust". In our notation, this phase is designated PuP. 

-94- 
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head-wave conversions from the 9-km-depth layer tnat arrive about 10 to 

10 1/2 sec after Pn.  On some particle-motion diagrams, good S-like mo- 

tion is observed; on others, elliptical-type S motion is observed; and 

on still others, inconsistencies are observed that suggest that these tvo 

phases may be intermixed.  The ^uplltudes of these phases are generally 

much smaller than Pxi? and/or PPP. 

SPS(?).-- A prominent phase, tentatively identified as SPS, occurs 
(table 7-4) 

at about 11 1/2 sec after Pn/; it usually comprises 2 cycles on the record. 

This phase was observed in essentially all the records studied.  On the 

particle-motion diagrams, the S-like motion is usually distinct and large.- 

The validity of our interpretation of the PPP, PPS, SPP, and SPS 

phases rests on the existence of an intermediate layer at a depth of about 

9 km, which was not found conclusively by Pakiser and Hill (1963) beneath 

the Nevada test site. 

P;or Multiple P.-- A large-amplitudo phase arrives consistently about 
(table 7-4) 

13 sec after P^  This phasa may be (1) a multiple reflection of P from 

the 25-km-depth boundary (which goes back to the surface, then back to the 

same boundary and finally back to the surface) or (2) a guided or trapped 

wave in the upper part of the crust.  The theoretical arrival times for 

such a multiple reflection is 10.4 and 14.5(?) sec for the crustal models 

of Berg and others (1960) and Pakiser and Hill (1963)} respectively. 

Sn 'i.e., SSSSS).-- At the time interval At (after Pn) of 50 to 53 

sec, large amplitudes (table 7-4), on the horizontal comoonents are ob- 

served.  This time is approximately the theoretical time for a body Sn (i.e., 

SSSSS) wave.  These.large amplitudes give strong support to the hypothesis 

that a large amount of shear energy is.generated in most of tne underground 

nuclear explosions studied.  However, particle-motion diagrams were not 

made on these seismograms at this time Interval. 

J  
It Is difficult to explain why the amplitude of SPS(?) Is proportionally 

so much larger than that of SPP(?).  -95- 
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Consistency of patterns 

Figures 7-8, 7-9, and 7-IDshow the digital-to-analog seismograms for 

3 announced underground nuclear explosions within NTS.  On each figure, 

the 4 letters !k} b, c, and d" are placed on key peaks or troughs that 

occur consistently on all the seismograms shown; and these key peaks and 

troughs can be used to match the selsmogram of one explosion against 

another.  Once they are matched (over a light table, for example), there 

are literally tens or scores of other cor.sistenciBs that can be found 

between these underground explosions. 

The first explosion, DAMAN I, is known to be located within 1 1/2 

km of the second, MERRIMAC, as their latitudes and longitudes have been 

declassified.  The character of the seismogram of the third explosion is 

so consistent with that of the other two that, it was probably detonated 

in the same general area within NTJ as the other two. 

It should be emphasized that certain other announced underground 
(area I) 

nuclear explosions detonated in this same area/within NTS as the previous 

3 examples do not show the excellent consistency shown by these 3 examples, 

The main point is, however, that if we do observe a selsmogrsm essentially 

identical to these three, we believe we can correctly detect and identify 

it as positively an underground nuclear explosion from this area within 

NTS. 

Similar comparisons have been made on other seismic events which are 

believed to be underground nuclear explosions from the Nevada test site 

but which have not yet been declassified. 

Figure 7-11 shows the digital-to-analog seismogram for SEDAN, which 
(area II) 

was detonated in another area/within NTS.  In detail, its character is 

-97- 
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ever, some of the corresponding phases can be recognized. 

Figure 7-12 shows the digital-t"-analog seismogram for DES MOINES, 
;area III) 

which was detonated in yet a third area/within NTS.  Its character Is 

markedly different from any of the preceding seismograms.  For example, 

it has a u ich higher frequency content. Also some, rinp.ing may be present, 

Positive detection and identification of certain underground 
nuclear explosions from Nevada test site 

From out study we conclude as follows; 

Provided the explosions occurred in the same area, the various pre- 

sentations indicate a striking consistency of the body-wave phases from 

some (but not universally from all) underground explosions within that 

area.  The characteristics of the body-wave patterns vary from three 

different areas of detonation within the Mercury test site, presumably 

because of different source functions (depending on rock type, geologic 

environment, degree of coupling, yield, etc.)-  This striking consistency 

hss been used successfully for the positive detection and identification 

of certain underground nuclear explosions detonated at the Nevada test 

site and recorded at Dugway, Utah and to correctly determine, within a 

few kilometers, the area of the detonation within NTS; and it is believ» * 

that the times of detonation of these certain explosions can be correctly 

predicted within one second usually and within a few tenths of a second 

sometimes. 

We doubt that an earthquake vithin the NTS area could give the ex- 

actly identical character as that from DAMAN I or HERRIMAC, for example, 

but we have no data from earthquaK.es within NTS to prove it. 

-101- 
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Consistency uf the character of body-wave phases trom the 
Semipalatinsk area, USSR, and recorded at Dugway, Utah 

We next will compare seismograms from 4 probable underground explo- 

sions in the Semipalatinsk area, USSR, again as recorded at Dugway, Utah. 

The Rieht r magnitudes of the events, as reported by the U.S. Coast and 

Geodetic Survey preliminary epicenter cards, were 5.6 or greater: and the 

epicentral distance was about 9,800 km (about 90°). 

The 4 Soviet probable underground explosions have many striking con- 

sistencies.  In particular, the events of May 16, 1964 and July 19, 1964 

are almost identical in many respects.  As given by the U. 3. Coast and 

Geodetic Survey—(table 7-5), their latitudes are identically the same and 

their longitudes are the same within 0.2''.     On Figures 7-13 and 7-14, which 

show the digital-to-analog seismograms of the 2 explosions, the 4 letters 

"a, b, c, and d" are placed on key peaks or troughs that occur consistently 

on all «"hs seismograms shown; and these key peaks and troughs can be used 

to match the seismograra of one explosion against another.  Once they are 

matched (over a light table for e.-araple,) there are literally tens or 

scores of other consistencies that can be noted between the seismograms. 

The excellent consistency of these 2 seismograms indicates that the 

events are from the same area and have essentially the same source func- 

tions.  We doubt that any earthquake in this area would give a pattern 

as nearly identical to these as they are to each other. 

The seismograms of the other two Soviet probable underground explo- 

sions are also very similar to these two; in particular, essentially all 

the major characteristics are present.  The slight differences in character 

- The U. S. Coast and Geodetic Survey preliminary epicenter 
determination cards show all 4 of these Soviet events as 
"zero depth" events. 
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Table 7-5,-- 
y 

Pertinent data incident to probable large underground explosions in the 
Semipalatinsk area, USSR 

1/ 
Magnitude 

Date (Ri chter 
(GCT) sea le) 

March li, 1964 5.6 

May If, 196A 5.6 

July 19, 1964 5.5 

Nov. 16, 1964 6.0 

Epicentral 
distance 

to Dugway 1/ 
Utah Origin Tiwe ~ 1/ 
(degrees) (GCT) Latitude - Longitude 

(km) h m s (north) (east) 
90° 00' 

(10,000) 07 59 58.0 49.7 78.0 
89° 46* 

( 9,974) 06 00 58.1 49.9 78.3 
89° 48' 
9,977 05 59 58.9 49.9 78.1 
90° 00' 

(10,000) 05 59 57.4 49.7 78.0 

1/ 

1/ 
U.S. Coast and Geodetic Survey preliminary epicenter detenuination cards, which 

indicate these events as zero-depth events. 
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may be De^us^^Te^T?Sv^^^^?T^^^5Tn^^nT^^WW^^^^.^„^ 

be from slightly different areas. 

PS converted waves from earthquakes and large underground explosions 
at eplcentral distances of 2,000 to 10,000 kilometers 

In this section we will demonstrate that PS converted waves have been 

observed from earthquakes and large underground explosions ac eplcentral 

distances of 2,000 to 10,000 kilometers.  In Going this, we will also be 

able to explain certain events on the selsmogram that contribute to the 

complexity of the coda of P.  The study will be restricted to events 

from the teleseismic distances just given. 

Available data 

All the seismograms to be discussed were recorded by the Benioff 

short-period matched seismometers (magnification 400,000) ac Dugway, 

Utah.  The seismograms were hand-digitized and analyzed in a manner 

identical to that discussed in the previous sections. 

The seismograms of 10 earthquakes were studies: 4 from the Kurlie 

Islands, 2 from Japan, one from the Tonga Islands, and 3 from Mexico. 

(See table 7-6 )  In addition, four Soviet probable underground nuclear 

explosions from the Semipalatinsk area were studied. 

Expected arrival time of PS converted waves 

The time of arrival of a PS converted wave will generally be ex- 

pressed in terms of the time Interval, £it,  after the first arrival of 

P.  To confirm the travel time of a given body-wave phase, however, the 

Jeffreys-Bullen tables of 1958 have been used. 
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Table 7-7, which was compiled from data given in the Jeffreys- 

Bullen tables of 1938, gives thi time interval, At (in sec), after the 

initial P, at which various body phases will arrive from epicentral 

discance. &,   of 10° (1,111 km) to 90" (lO.uüÜ km).  The phases studied 

are: 

P - the first arrival 
pP 
sP 

PcP 
The tables include the data for different depths of focus: 

(1) zero depth; (2) 33-km depth. (3) 96~km depth; and (4) 159-kni depth. 

Figure 7-15 shows the earth crustal model of Berg and others (I960), 

the Dugway station, and the approximate ray paths for the two extreme 

ranges of epicentral distances of the events studied.  The angles of in- 

cidence assumed at the base of the crust were computed with a formula by 

Gutenberg (Richter, 1958),  Also bhown on this diagram are the P to S 

conversions at the 25-   and 72-km-depth boundaries. 

Using the assumptions of this model, and assuming further that a 

PS converted wave is generated at the postulated 72-km-depth boundary of 

Berg and others (1960), the time interval, At, of the arrival of such a 

PS converted wave after the first arrival of P would be about 8.7 sec from 

a shallow earthquake in Mexico and about 7.7 sec from an underground ex- 

plosion in central USSR. 

Arrivals of shear (SV) waves that are observed at these time inter- 

vals after P in this study are identified as PS converted waves genera- 

ted at the 7 2-km-depth boundary. 

Figure 7-16 shows a graph of the time interval, /it, after the 

initial P, at which a PS converted wave should arrive from an assumed 

one-layer earth crustal model for various assumed velocities.  The assumed 
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C*«erved 
f tiffi«  o( Tise  of 

Depth Origin first  P alert   of Eplccnt rel 

/ / of titse Arrive! diglti.-tng distance / 
Latitude Longltud« f OCUH (GCT) (CCT- (CCT) (degrees) »ithtpr DifFcti 

Iplcenttr Date (d«tr«e») (degrees) (ta) h       SB       £ h    B    * ha» (to) •a^nitude A 

Kurtle Feb.   20, 1964 44.6N 150.0E 50 09  !)3  51.1 10 04 43.7 10 04 43,fc 67.J* 5.2 -.619    * 
IsUnd« (7,480) (C.C.3.) 

Kurlle     May 17, 1963 
Iiianda 

45. 3N 150.8E      33        04 06 36   04 17 26.7  04 17 26.6  66.6* 5.9 
(7,400)     (CCS.) 

Kurile     Feb. 22, 1964  48.5N 
Islrnds 

154.9E      60        17 50 56.2  18 01 16.6   18 01 16.6  62.6* 5.0 
(6.960)     (C.G.S.) 

,604 

Kuril«     Jan. 6, 1963   47.4N 
Iiland«         

155.n      33       21 20 56.5  21 31 19.8  21 31 19.8  62.6*       none 
 (6.960)     given 

.6 20 

Hokkaido,  Sept. 24, 1962 42.8N 
Japan 

145.3E 73 14  38 21 14 49 40  5       14 49 40.2       71.4* n<me 
(7,930) given -.605    ♦ 

Honshu,    Juna 3, 1963   34,2N 
Japan 

138.7E      43       07 35 54   07 48 06.3  07 48 06.3  80.9'        5.3 
(8,990)     (CCS.) 

-.624 +. 

Tonga      July 4, 1963   26.3*S       177.7*W    158       10 58 13   11 10 54.8  11 10 54.5  69.«*      6 3/4 
Island« (9,990)     (Pas) 

6 3/4-7 
(Bks) 

(CCS) 

Mexico     Oct. 19, 1962  H.S'H       1Ü8.3*W     53       21 21 48   21 26 26,4  21 26 24.3  20.8*       none       -.296  -.8 
12,310)     given 

Mexico     May 22, 1963   17,7N 106.ON     33       04 24 L9   04 29 35.5  04 29 35.6  23.3*        4,6 
(2,590) 

-.263  -.9 

Mexico     June 20, 1964  18.5*K 105.5*W 28 17  12  15 17  17  14,4      17  17  14.0      22.7* j  5 
(2,520) (CCS.) 

-.254     -.91 

*   Sw Pl^lag of in inAtvlduai >haJe \\»**A £• A-i f»t dMs »or tnply tJMC rh« Onaat at that  phaaa can B« Kctielfied oa (he salnwgraa to vt 
:i*l 

— Data taken fron U.S. Coast and Geodetic Survey preltnlnary eplt^rter cards. ü 
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(Jei treys 

Bullen 

Tables 

1958) 

.619  +.3S7  +700   pp      14 

pPs      S 

sp 

pPs 

»Ps 

18 

9 

-.60«  +284 +,745 PP 
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•P 

20 
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15.0 

20. 1 
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10.0 
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pPi 

33 
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12,0-14.6 

10.0 
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f'J 
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PcFl ̂  10 1S.Q-2S.0 

-.■624 +.547 + .560 PcP 22 7.9-10.0 7.1 
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pPs 6 13,4-14.2 

«p 23 14.2-17,4 17.5 

■Ps 10 17.4-21,,0? 

-,897 -.036 -.441 PcP 

PcPs 

80 

28 

1.2-4.3 

4.3-5.9 

1.5 

11:18.7 

12:11.2 

11:19.5 

12:12.3 

n-^o.s 12:41.8 

-.296    -.895    +.337 

.263    -.915    +.302 

F ■- 
50 

fi 14 
P» 2i 
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pp 15 
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sP 
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9 
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velocities are those included in the earth crustal models of (1) Berg 

and others (1960) and (2) Pakiser and Hill (1963).  To obtain the approxi- 

mate range ot values of At involved, various thicknesses of the crust 

and various angles of incidence, i0, at the base of the crust are assumed. 

In the eastern part of the Basin and Range province, a major and 

persistent discontinuity at a depth of 25 to 28 km has been confirmed in- 

dependently by several teams of investigators (Berg and others, 1960; 

Pakiser and Hill, 1963; Ryall and Stewart, 1963).  The principal use of 

this diagram is to show that any PS converted wave generated at the 

25-km-depth boundary can be expected to arrive about 3 to 3 1/2 sec 

after the first P arrival.  It should be noted that for a P to S con- 

version at a depth of 25 km, there is a dependency of At on the angle 

of incidence that theoretically should bt observable on selsmograms. 

For example, the time interval At for an angle of incidence of about 

50° is nearly 1/2 sec greater than the At for an an^le of incidence 

of 20°. 

Arrivals of shear (SV) waves that are observed at these time inter- 

vals after P in this study are identified as PS converted waves genera- 

ted at the 25-km-depth boundary. 

Earthquakes 

Figure 7-17 shows the vertical particle-motion diagram for an earth- 

quake (magnitude not given by U.S.C.&G.S.) from Mexico on Oct. 19, 1962, 

with a depth of focus of 53 km.  The first P arrival (Fig.7-17 A) has an 

apparent angle of incidence at the surface of about 30° with the vertical, 

which is in accord with theory.  The P motion is essentially linear and 

prograde. 
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In Figure 7-17B, the PS converted wave apparently generated at the 

25-kin-deep layer begins manifesting itself at about 3.5 sec by changing 

noticeably the slope of the segment of the line on the particle-motion 

diagram; anc after "phasing in" for about 1 sec, becomes pronounced at 

about 4.50 sec and shows excellent S-like motion for half a second. The 

peak-tc-peak amplitude of the shear motion, as measured on the vertical- 

particle-motion diagram, is about one-third that of the P, similarly 

measured.  It should be noted that the P wave starts its large-ampli- 

tude motion about 1 sec afte' the first arrival of P energy; conse- 

quently, the PS-converted-wave energy similarly starts its large mani- 

festation at 4.50 sec. 

In Figure 7-17C "he PS convf:, ted w*:  apparently gei^-dlc. at the 

72-km-depth boundary begins manifesting itself at about 7.95 sec by chang- 

ing noticeably the slope of the segment of the line on the particle- 

motion diagram; and after "phasing in" for about ha^r a second, it becomes 

pronounced at about 8.50 sec and shows excellent S-like motion for about 

1 sec thereafter. The peak-to-peak amplitude of the shear motion, as 

measured on the vertical particle-motion diagram, is about one-third 

that of the P, similarly measured. 

From this same earthquake, the PS converted wave in Figure 7-17G is 

apparently generated at the 25-km-depth boundary from the pP body wave in 

Figure 7-17E.  Also the PS converted waves in Figure 7-17H and 7-171 are 

apparently generated at the 25- and 72-km-depth boundaries, respectively, 

by the sP body wave in Figure 7-l"'G. Moreover, the PS converted wave in 

Figure 7-17H may conceivably include some shear energy generated at the 

72-km-depth boundary by the pP body wave in Figure 7-17E, as this is the 

time at which this energy should arrive. 
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Figure 7"18 shows the horizontal particle-motion diagramt. for the 

same time period for the same Mexico earthquake.  During the early 

arrivals, the motion is essentially linear and essentially along the 

direction of a great circle to the epicenter; later, however, the motion 

is intermittently elliptical and near-linear.  There is a tendency for 

some of the PS converted wave arrivals to initiate some elliptical mo- 

tions which suggests that the converted wave is not a simple SV w^ve 

but is complex. 

Figure 7-19 shows the vertical particle-motion diagrams for an 

earthquake on May 17, 1963 from the Kurile Islands with a Richter magni- 

tude of 5.9 and a depth of focus of 33 km.  The PS converted wave shown 

in Figure 7-19B is apparently generated at the 25-km'-depth boundary.  Its 

peak-to-peak magnitude is about one-third that of P, as measured on these 

diagrams. 

No recognizable PS converted wave generated at the 72-km-depth 

boundary was observed from this earthquake. 

Figure 7-20 shows the P- and S-like motion dot presentation and the 

digital-to-analog seismogram of this Kurile Islands earthquake. The ex- 

cellent character of the shear motion in the PS converted wave generated 

at the 25-kia-depth boundary and with a time interval, A t, of about 4 sec 

after P, is shown on (1) the dot presentation (A) and (2) the radial hori- 

zontal motion trace (B) and the vertical trace (C), wherein the two 

traces (B and C) are 180° out of phase. 

Figure 7-21 shows the vertical particle-motion diagram for an earth- 

quake on Feb. 20, 1964 from the Kurile Islands with a Richter magnitude 

of 5.2 and a depth of focus of 50 km.  The PS converted waves in dia- 

grams C and F are apparently generated at the 25- and 72-km-depth 
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boundaries, respectively, by the pP phase in diagram A.  The other PS 

converted wave in diagram F is apparently generated at the 25-km-depch 

boundary by the sP phase in diagram D. 

Figure 7-22 shows the P- and S-like-motion dot presentation and the 

digital-to-analog seismogram of this Kurile Islands earthquake. The body 

phases and the PS converted waves just discussed are shown. 

Comparison with Hannon's theoretical results 

Figure7-23C shows one of the theoretical crustal models (designated 

CAO  used by Hannon (1964) in making his synthetic seismograms computed 

by the Haske11-Thomson matrix method.  Although the layering of this 

model is not strictly applicable to the eastern part of the Basin and 

Range province, the values of the velocities are sufficiently close to 

them so that his theoretical results can be compared qualitatively with 

our observed results. We have added to his model the appropriate ray 

paths for the incident P waves and the PS converted waves generated at 

thr base of "he crust. His theoretical results are for two angles of 

incidence, namely 53° and 33°, which are shown in diagram C.  Hannon's 

computations Included the effect of a layered half-space. 

Figures7-23A and B show Hannon's (1964) theoretical synthetic 

seismograms from his theoretical model CAO. The top two traces (A) 

are the radial-horizontal and vertical traces, respectively, for an 

angle of incidence of 53°; and the bottom two traces (B) are the 

corresponding traces for an angle of incidence of 33°. 

Two PS converted waves are recognizable:  (1) one, generated at 

the base of the 25.43-km-depth boundary, which arrives with a time Inter- 

val,^, v., of 3,5 sec after the first P 
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Figure 7-23.  Synthetic selsmograms of surface motion (Hannen, 1964, 
his CAO model; for vertical and radial-horizontal components for 
angles of incidence of (A) 50° and (B) 33° at base of crust for (C) 
earth crustal model of Gutenberg, on which are drawn P waves and PS 
converted waves generated at base of crust. 



arrival; and (2) another (with the arrow after Hannon), generated at the 

32.43-km-depth boundary (I.e., at the base of the crust), which arrives 

with a time interval, ^t, of about 4 1/2 sec (actually 4.4 sec after 

the first P arrival. These time intervals are for the incident P waves 

wlt^1 an angle of incidence of 53° at the base of the crust; the time in- 

terval/ü t is 0.4 t3o0.4 sec smaller in each case for the P waves with 

an angle of incidence of 33° at the bas^ of the crust. 

The theoretical amplitudes of the PS converted waves generated at 

the 25,43-km-depth boundary and at the 32.43-km-depth boundary (base of 

the crust), as measured on the radial-horlzontal-con^ponent trace, are 

about 10 to 20 percent of the amplitudes of the first P arrival, similar- 

ly measured. The theoretical amplitudes of the PS converted waves, as 

measured on the vertical-ccmponent traces, are small. 

In conclusion, our observed results give excellent experimental 

support of Hannon's (1964) theoretical results for his model CAO. Our 

work was initiated several years ago and was done quite independently of 

that of Hannon. 

Underground explosions in Semipalatinsk area, USSR 

Figure 7-24 shows the vertical particle-motion diagrams for the first 

10 sec after the firsc P arrival for the underground explosion in fie Semi- 

palatinsk area, USSR, on July 19, 1964. The emergence is very steep.  It 

is possible that the PcP wave, which should arrive about I   flc after P, 

may be "phased in" with the P and is giving an erroneous impression of 

the steepness of P.  The motion phasij into S-llke motion at about 2.00 

sec and continues thus until 3.25 sec; but this value of 2.00 sec is some- 

what earlier than could be expected for a PS converted wave generated at 
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the 25-kin-depth boundary.  S-like motion starting at 7 3/4 sec and 

lasting about 1 1/A sec is beLiev  to be a PS converted wave generated 

at the 72-km-depth boundary. 

The angle of incidence of the P wave at the 25-km-depth boundary is 

apparently too small to generate PS converted waves in this case. 

Figure 7-25 shows the P- and S-ltke motion dot-presentation of the 

same Soviet explosion.  Note the excellent S-like motion at 2 to 3 sec 

and at 7 3/4 to 9 sec. 

Figure 7-14 shows the digital to-analog seismogram for the same Soviet 

explosicn.  Note the excellent S-like motion at 2 to 3 sec and at 7 3/4 

to 9 sec. 

Figure 7-26 shows the vertical partlcle-motlon diagrams for the first 

9.7 sec after the first P arrival for the underground explosion in the 

Semipalatlnsk area, USSR, on March 15, 1964. The character of these 

particle-motion diagrams is almost Identical to those of the ones just 

shown. The S-like motten Is present at about 2 to 2 1/2 sec, and also 

at 7.3 to 8.2 sec.  In this case, however, about half a second should be 

added to these values because the digitizing was started half a second 

late. 

Figure 7-27 shows the digital-to-analog seismogram of this same 

Soviet explosion. 

Suoanary 

We have shown that PS converted waves have been observed at various 
probable 

teleseismlc distances from various earthquakes and from certain Soviet / 

underground explosions. From Mexican earthquakes--that is, at epicentral 

distances of aboui: 2,000 km, PS converted waves generated at both the 
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25-km-depth boundary and the postulated 72-km-depth boundary have been 

observed.  At intermediate epicentral distances of 50°, PS converted 

waves generated from both these boundaries are also observed.  At an 

epicentral distance of 90° (10,000 km), PS converted waves generated 

from the 72-km-depth boundary are observed; but the PS converted waves 

from the 25-km-depth boundary were not clearly observed. The observed 

amplitudes of the PS converted waves were generally about one-fifth to 

one-third of that of the parent P phases that g^^r^te the PS converted 

waves.  The PS converted waves from earthquakes at teleseisi ic distances 

were observed following the phases P, pP, sP, and PcP.  Thus, for earth- 

quakes, the PS converted waves add to the complexity of the coda of P in 

addition to the phases P, pP, sP, and PcP.  The PS converted waves from 

the Soviet probable underground explosions were apparently generated 

from the 72-km-depth boundary only and for the P arrival only; however. 

In this case also, the PS converted waves add somewhat to the complexity 

of the coda of P. 

We consider that our observed results have given experimental support 

to Hannon's theoretical seismograms using the Haskell-Thomson matrix formu- 

lation for ground motion for his model CAO; In particular, the PS conver- 

ted waves have been observed, as predicted by him theoretically. 

Last—but by no means least -we consider that our results give 

added support to the existence of a velocity discontinuity at a depth of 

about 72 km beneath the eastern part of the Basin and Range province, as 

first postulated by Berg and others (1960). 
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CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

S-llke motion appears on many of the particle-motion diagrams at appro*!- 

mately the expected arrival time for PPS and SPS.  Usually, no ether 

S-ltke motion is apparent on the particle-motion diagrams in the first 

ten seconds except at these times, approximately 4.0 and 8.0 sec for PPS 

and SPS, respectively. 

The most consistent arrival of large amplitude in the early part of 

the selsmogram is an event which we have called PM^P in Chapter 5. The 

arrival time of this event on the seismograms usually coincides very well 

with the theoretical arrival time of a reflection from the Mohoroviclc 

discontinuity. The arrival Is consistent in both time and character, as 

may be seen from examining the various digital-to-analog CalComp plots in 

Chapter 5.    This phase may be a guided wave in the crust, usually called 

P, and not a simple reflection from the base of the crust. However the 

cravel-times of either PM P or P would probably be very nearly the same. 

The large amplitudes following PM^P are attributed to multiple reflections 

of PftjP or P in the crustal waveguide. 

Some evidence for an SPP transmission path is suggested by large 

anplltude P-motion at the expected time of arrival of this event. 

Hannon (1964) showed that SV motion may be accentuated by the presence 

of thin low-velocity layering beneath the recording site. This would 

effectively raise the signal-to-nolse ratio where 13 converted waves are 

concerned and may, for example, partly explain large amplitudes for PPS. 

The characteristics of the S-like motion defining PPS and SPS, and 

other arrivals, will need to be studied further In order to deflu.i tne 

ditferences in explosion-generated shear and earthquake-generated shear, 

and to use these differences to aid in distinguishing between underground 
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nuclear explosions and earthquakes.  In particular, the signal-to-nolse 

ratio on the seismograms of underground nuclear explosions as recorded 

at a given station can be increased by "stacking" the seismograms of 

several blasts, thus obtaining an average seismic signature which may 
and 

be characteristic of the local blast site.  Also, by stacking seismograms/ 

using a reference time measured with respect to Pn, shear arrivals such 

as PPS anü SPS which arrive after Pn at a time independent of the epi- 

central distance, will have their signal-to-noise ratio increased over 

what it was for a single recording. This can be done for many of the 

LRSM Geotech stations for regions over which the crustai. section does not 

change very muc...  Such a stacking procedur would cause other arrivals, 

whose arrival time  as measured after P.n is a function of the epicentral 

discancn, to become less co* arent on the particle-motion d -»rams.  The 

slgnal-to-nolse ratio of PPS and Sl-rf should therefore be increased at 

the expense of distance-dependent arrivals. 

Average seismic signatures obtained by stacking same-site explosions 

as recorded at the same station can then be cross-correlated uslag the 

first 20 to 30 seconds, say, of the entire average signature, with a 

single event recorded at a later time.  A cross-correlation index will 

then aid In confirming the later event as an underground nuclear explosion. 

The recordings of the LRSM Geotech stations do confirm that a large 

amount of shear energy, at least equal to the compressional energy, is 

generated by some underground nuclear explosions. At the expected time 

of arrival of the body S-wave (SSS) large amplitudes are observed on 

man/ of the LRSM recordings.  A few underground nuclear explosions were 

examined out at this time Interval, and the particle-motion diagrams 

showed shear motten, beginning at the correct time for the SSS trans- 
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mission path. The large amount of original shear also tends to support 

the identification of SPP. 

Seismograms obtained from *S confirmed underground nuclear explo- 

sions of Richter magnitudes 3.9 to 5.8 at the Nevada test site (NTS) and 

4 probable underground explosions in the Semipalatinsk area, USSR of 

Richter magnitude 5.5 or greater were recorded by the Benloff short- 

period matched seismometers (magnification 400,000) at Dugway, Utah,hand- 

digitized, and aviaiyzed (using particle-motion diagrams and digital-to- 

analog seismograms) during the first 15 to 25 sec after the first arrival 

of F. The epicentral distances were about 450 and 9,800 km, respectively. 

Provided the explosions occurred in the same area, a striking consistency 

of the body-wave phases was observed from some (but not universally from 

all) underground explosions within that area. The characteristics of the 

body-wave patterns vary for three different areas of detonation within 

NTS, presumably because of different source functions (depending on rock 

type, geologic environment, degree of coupling, yield, etc.) This 

striking consistency of body-wave phases has been used successfully for 

the positive detection and identification of certain underground nuclear 

explosions detonated at NTS and recorded at Dugway, Utah and to correctly 

determine, within a few kilometers, the area of the detonation within NTS. 

The following pnases were tentatively identified: P
TTT? and/or PPPPPPP, 

__   a 
SSPPP, SSPSS, PjjP (or P) and/or PPP, PPS, SPP, SPS, and P' (ormultiple 

P reflection); the times of arrivals of these phases agree moderately well 

with the crustal model of the area determined by the refraction method. 
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Sei smogranis obtained from (a) 10 earthquakes of Richter magnitudes 

5 to 7 in the Kurile and Tonga Islands, Japan, and Mexico and (b) the same 

probable explosions in the USSR mentioned above, were recorded at Dugway, 

Utah at epicentral distances of (a) 2,300 to 9,700 km and (b) about 9,800 

km, respectively, and similarly digitized and analyzed during the first 

20 or 40 sec after the first P arrival. PS converted waves were generally 

observed from both the earthquakes and underground exploslonp. These con- 

verted waves were apparently generated at both the 25- and/or 72~km-depth 

boundaries; and the time Intervals ^ t, after the first arrival of P, 

were about 3 to 3 1/2 sec and 7 1/2 to 8 1/2 sec, respectively. These 

time-Interval values are In excellent accord with the crustal model of 

Berg and others (1960). Similar PS converted waves with approximately 

the same At values were generally observed following other large phases. 

Including pP, sP, and PcP, from the ea hquakes. The time Interval, At, 

was generally somewhat less for earthquakes with greater epicentral 

distances because of the  smaller angles of Incidence of the incident 

P waves at the base of the crust. The observed maximum amplitudes of 

the PS converted waves as measured on the seismograms are usually one- 

fifth to one-third of that of the parent P phases that generate the PS 

converted waves. These results give experimental support to the theoreti- 

cal synthetic seismograms for the CA0 model of Hannon (1964). Moreover, 

the observed PS converted waves give added support to the existence of a 

veloclty^continulty at a depth of about 72 km beneath the eastern part of 

the Basin and Range province, as first postulated by Berg and others (1960) 
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An Important coaisequence of these reuults is that (1) for the 

Soviet probable underground nuclear explosions in the Semipalatinsk 

area, the PS converted waves add somewhat to the complexity of the 

coda of P, and (2) for earthquakes at teleseismic distances, the PS 

converted waves add to the complexity of the coda of P in addition to 

the phases P, pP, sP, and PcP. 
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APPENDIX A 

Publications to date on this project 

The. following publications have resulted from this project to date: 

1. "Amplitude, energy, and phase angles of plane SV waves and their 
application to earth crustal studies", J. K. Costain, K, L. Cook, and 
S. T. Algertntssen:  Seismol. Soc. Amer. Bull., v. 53, no. 5, p. 1039- 
1074, October 1963. 

2. 'rabies of amplitude and energy ratios of plane SV waves" J. K. 
Costain, K. L. Cook, and S. T. Aljermissen: VESIAC Special Report 
^41ü-68-X, Acoustics and So'smics Lab., Inst. of Science and 
Technology, Univ. of Michigan, Ann Arbor, Michigan, 176 p., December 
1963, 

3. "Tables of energy ratios, amplitude ratios, and phat?; angles for plane SV 
waves", J. K. Costain and K. L. Cook: VESIAC Special Report, No. 4410-96-X, 
Acoustics and Seismics Lab., Inst. of Science and Technology, Univ. of 
Michigan, Ann Arbor, Michigan, 106 p., in press. 

4. "PS converted waves from earthquakes and large underground nuclear ex- 
plosions at epicentral distances of 2,000 to 10,000 kilometers", K. L. 
Cook and J. K. Costain, Program of papers submitted at annual meeting 
of Seismological Society of America, St, Louis, Mo., April 12-14, 1965, 
p. 50-51. Paper in preparation for publication. 

5. "The consistency of the character of body-wave phases from large under- 
ground explosions", K. L. Cook and J. K. Costain. Program of papers 
submitted at annual meeting of Seismological Society of America, St. 
Louis, Mo., April 12-14, 1965, p. 49-50. Paper in preparation for publi- 
cation. 

6. Corrigendum to "Amplitude, energy and phase angles of plane SV waves 
and their application to earth crustal studies", J. K. Costain, K. L. 
Cook, and S. T. Algermissenr  Seismol. Soc. Amer. Bull., April 1965, 
in press. 
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APPENDIX B 

Computer Programs 
Theoretical Programs 

PROGRAM DR-13 (FORTRAN- IBM 7040) 
Generalized P and/or S refraction time-distance curves 
for up to seven layers; also layer thickness determination 
from P-wave refraction data using intercept times. 

PROGRAM X-l (kORTRAN) 
Effect of free surface on incident plane SV wave. 
(Jeffreys treatment) 

PROGRAM 1 (EORTRAN) 
Ccnputes Zvolinsuil head-wave coefficients for a PPP head wave. 

PROGRAM 5 (FORTRAN) 
Computes reflection travel times of a wave converted from P to S 
on reflection from a single dipping interface for varying angles 
of incidence. 

PROGRAM 6 (FORTRAN) 
Computes reflection travel times for a P wave reflected from a 
single dipping interface. 

PROGRAM 7 (FORTRAN) 
Computes arrival time for a PS converted wave formed at the 
base of the n  crustal layer. 

PROGRAM 9 (FORTRAN) 
Zoeppritz equations applied to a multilayered crust.  Computes 
amplitude ratios of PS converted waves.  Effects of wave length 
not included. 

PROGRAM 9A (FORTRAN) 
Zoeppritz equations applied to a multilayered crust with free 
surface effects included. Computes amplitude ratios of PS 
converted waves.  Effects of wave length not included. 

PROGRAM 11 (FORTRAN) 
Computes travel times for refracted PPP, PPS, SPS, and SSS 
head waves frora a single dipping interface. 

PROGRAM 18 (FORTRAN - IBM 7040) 
Energy ratios, amplitude ratios, and phase angles for an incident 
P wave.  Uses Zoeppritz equations and Knott's energy equation 
applied to a single Interface. 
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PROGRAM 19 (FCRTRA1, - IBM 7040) 
Energy ratios, amplitude ratios, and phase angles for an incident 
SV wave.  Uses Zoeppritz equations and Knott's energy equation 
applied to a single interface. 

PROGRAM 21 (FORTRAN - IBM 7040) 
Computes reflected cime-distance curves for up to twenty layers 
with plane parallel interfaces. 

Utility Programs 

PROGRAM UP-1 (AUTOCODER - IBM 1401) 
BCD (HER) tape to cards or print (IBM 1403 printer). 

PROGRAM UP-2 (AUTOCODER - IBM 1401) 
Digital to analog plot of HER data (IBM 1403 printer, 20 lines/ 
inch), 

PROGRAM IIP-4 (AUTOCODER - IBM 1401) 
Binary (STL) tape to cards or print (IBM 1403 printer). 

PROGRAM UP-5 (AUTOCODER - IBM 1401) 
Digital-to-analog t^ace plot using card input with two 
sets of data per card (IBM 1403 printer and plotting chain, 
20 lines/inch). 

PROGRAM UP-6 (AUTOCODER -IBM 1401) 
Binary (UED) tape to cards or print (IBM 1403 printer). 

PROGRAM UP-7 (AUTOCODER - IBM 1401) 
Digital to analog trace plot using card input.  One set of data 
per card. (IBM 1403 printer and plotting chain, 20 lines/inch). 

PROGRAM DR-15D (FORIRAN - MAP - IBM 7040) 
Punches cards from binary (STL) extract tapes written with FORTRAN. 

PROGRAM DR-16B (FORTRAN - MAP - IBM 7040) 
Lists binary (STL) tapes, 

PROGRAM DR-16C (FORTRAN - MAP - IBM 7040) 
Writes a binary extract tape using FORTRAN from binary (STL) 
tapes. 

PROGRAM DR-18TC (FORTRAN - MAP - IBM 7040) 
Punches cards from BCD (ilER) tapes. 

PROGRAM DR-22 (FORTRAN - MAP -IBM 7040) 
Punches cards from binary (UED) tapes. 
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Data A"-, ysls Programs 

PROGRAM DK-2 (FORTRAF) 
Forms an L-Z product trace to accentuate shear and compressional 
wave arrivals, 

PROGRAM DR-7 (FORTRAN) 
Scans BCD (HER) data for shear motion. 

PROGRAM DR-lOB (FORTRAN - IBM 70A0) 
Composition of vertical motJon from east-west and nortn-south 
directions to u  vertical plane containing the azimuth to the 
epicenter. 

PROGRAM DR-12B (FORTRAN - IBM 7040) 
Autocorrelation and power density spectrum. 

PROGRAM DR-15B (FORTRAN - MAP - ISM 7040) 
Digital-to-analog plot; program lists data using extract tapes 
written with FORTRAN from binary (STL) tapes; uses plotting 
chain (10 lines/inch) of IBM 1403 printer. 

PROGRAM DR-18C (FORTRAN - MAP - IBM 7040) 
Digital-to-analog plot - Program lists data from binary (STL) 
tapes; uses plotting chain (10 lines/Inch) IBM 1403 printer. 

PROGRAM DR-18H (FORTRAN - MAP - IBM 7040) 
Digital-to-analog plot - Program lists data from BCD (HER) tapes 
uses plotting chain (20 lines/inch) of IBM 1403 printer) 

Pivu-'HAM DR-18F (FORTRAN - MAP - IBM 7040) digital to analog plot. 
Program lists data from BCD (HER) tapes using a faster plot 
subroutine but having less resolution (uses plotting chain (10 
lines/inch) of 1403 printer) 

PROGRAM DR-18P  (FORTRAN - IBM 7040) 
Digital-to-analog plot using card input (uses IBM 140J printer, 
10 lines/inch). 

PROGRAM DR-18FC (FORTRAN - IBM 70n0) 
Alphanumeric particle-motion plot and listing from card input 
(uses IBM 1403 printer, 20 lines/inch). 

PROGRAM DR-18FP (FORTRAN - MAP - IBM 7040) 
Alphanumeric particle-motion plot-listing for BCD (HER) tapes 
(used IBM 1403 printer, 20 lines/inch). 

PROGRAM DR-18FP1 (FuRTRAN - MAP -IBM 7040) 
Alphanumeric particle-motion plot for BCD (HER) tapes using 
faster tape reading subroutine SKIPPD also gives data listing 
(uses IBM 1403 printer, 20 lines/inch). 
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PROGRAM DR-18FP2 (FORTRAN - IBM 7040) 
Same as DR-18FP\, but with card input.  Normalizes the digitized 
Input data for the alphanumeric particle motion plot. Uses 
IBM 1403 printer, 20 lines/inch. 

PROGRAM DR-18RHS (FORTRAN - IBM 7040) 
L-Z product trace using IBM 7040 Ü. of U. Computer Center 
FORTRAN plot (uses IBM 1403 printer, 20 lines/inch). 

PROGRAM DR-24B (FORTRAN - IBM 7040) 
Computes epicenter-to-station distance using Richter*s method. 

PROGRAM DJG-12 (FORTRAN - IBM 7040) 
Prints out digital to analog trace plot of east-west, north- 
south, vertical and radial components, the latter composed from 
east-west and north-south seismograms.  Differentiates the 
seismogram traces, and plots the differentiated traces.  Shows 
by another plot whether differentiated motion is compression or 
shear.  The program then resolves the horizontal vector of 
motion into a component parallel to the azimuth and a compo- 
nent perpendicular to the azimuth, and plots the resolved 
components. 

PROGRAM CC-1 (FORTRAN - IBM 7040) 
CalComp particle-motion plot for use with Phillips Petroleum Co. 
plot facilities at Idaho Falls, Idaho. 

PROGRAM CC-2 (FORTRAN - IBM 7040) 
CalComp particle-motion plot fur card input (HER) - uses IBM 1627 
plotter at U. of U. Computer Center. 

PROGRAM CC-3 (FORTRAN - IBM 7040) 
CalComp particle-motion plot for card input (ÜED) - uses IBM 1627 
plotter. 

PROGRAM CC-5 (FORTRAN - IBM 7040) 
CalComp digitlal to analog trace plot of seismograms using card 
input (HER) and IBM 1627 plotter. 
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EXHIBIT A 

AMPLITUDE, ENERGY, AND PHASE ANGLES OF PLANE 
SV WAVES AND THEIR APPLICATION TO EARTH 

CRUSTAL STUDIES 

by 

John K. Costaln, Kenneth L. Cook, and S. T. Algertnissen 

(See attached reprint from the Bulletin of the Seismological 
Society of America, v. 53, no. 5, p. 1039-107A, October, 1963) 
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EXHIBIT B 

TABLES OF ENERGY RATIOS, AMPLITUDE RATIOS, AND 
PHASE ANGLES FOR PLANE SV WAVES* 

by 

John K. Costain and Kenneth L. Cook 

ABSTRACT 

This report presents tabulations of energy ratios from Knott's 

energy equation, amplitude ratios tiom the Zoepprltz equations, and phase 

angles computed from the complex amplitude ratios for a plane SV wave In- 

cident on a plane elastic discontinuity.  All computations were programmed 

in FORTRAN for an IBM 7040 digital computer. For a Polsson's ratio of 

0.250, Incident angles were varied from 0° to 88° In Increments of 2°, 

except near phase changes of 180° in the real domain and near the 

critical angles where th- ratios were calculated In Increments of 0.25*. 

For a Polsson's ratio of 0.400, incident angles were varied from 0° to 

85° In Increments of 5°. Both real and imaginary coefficients were con- 

sidered In the calculations. The varying parameters were the velocity 

ratio and density ratio across each Interface, and the angle of inci- 

dence.  Compresslonal velocity ratios (transmitted/incident) of 0.700, 

0.800, and 0.900, and density ratios (transmitted/Incident) of 0.700, 

0.800, 0.900, and 1.000 were used. The data are presented In 24 tables. 

* Contribution No. 57, Dept. of Geophysics, Üniv.  of Utah, Salt Lake City, 
Utah; to be published as VESIAC Special Report No. 4410-96-X; .1.06 p. 
Incl. lllus., tables, refs; In press. 
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AMPU'lTDls HNKRCV, AND IMIAHK AXCLKH OF PLANK SV 

WAVHH AND TIIKIU AIMMJCATIOX TO KAHTH (iU'HTAL 
HTUDIKS 

BY .IOIIX  K. CONTAIN, KENXETH L. COOK, AM> S, T, AUJEUMISSKN 

AB8TUA('T 

KIIPIKV rsitids from Knolt 's pnergj* etiuatt<in atiij amplitude ratios and pha.«- .HUgU's fmni Ü«" 
Zoepprit?. ei)iiatit>ns werf calcukiti'd for a plane .Sl' wave incident on a plane elastu- disc-ontin 
tiity. All computations were programmed in FORTRAN fur an IBM Iti'iO digital eiunputer. In- 
cident angles wore varied frmn if to UÜ' in increments of two degrees rxcept near the eritical 
angles, where the ratios were caleitlatpd in increments <>f 0.25 degree generally. B.»th real and 
imaginary coetfieients were considered in the calculations. The varying parameters wen- the 
velocity ratio and density ratio across each interface and the Hji<de »' incidence. Poisson's 
ratio was kept constant at 0,25. Compressional velocity ratios (transmitted/incident) of '}.7, 
0,8. and O.'.t, and density ratios ttransniitted/incident) of 0 7, 0.8, 0.9. and 1,0 were used. The 
data are presented in an integrated album which consists of a total of 144 curves (48 curves for 
each of the 3 rlmracteristicg studied). The theoretical amplitudes of P8 converted waves, which 
are seismic body waves resulting from the conversion "f an incident parent F wave at a bound- 
ary within the earth's crust to a refracted vertically polarized SV wave, were emnputed (using 
a FORTRAS program on an IBM 1()20 digital computer) for several rmilti-layered hypothetical 
and actual crtista! inodels. Preliminary results indicate that the amplitudes of successive PS 
converted waves arriving from successively deeper layers will continually increase provided 
that the velocity ratios (upper medium/lower medium) continually derrmm with depth. The 
effects of the wave period have not yet lieen considered. Particle-mot ion diagrams obtained 
from seisniograms of two underground nuclear explosions show some shear motion in the first 
ten seconds which is provisionally interpreted to he from PS converted waves, 

INTHOIH rTIU.N 

The general properties of plane »ST (vertically polarized shear) seismic body 
waves as they impinge upon a plane elastic discontinuity and are subsequently 
reflected and transmitted, have long been known. Recent studies indicate the 
desirability, however, of having available a more complete album of curves and 
tables, than published heretofore, of specific characteristics of SV wa\"s to assist 
in the solution of many current problems in seismology. The purpose of this paper 
is to present ae integrated album of curves for the energies, amplitudes, and phase 
angles of waves derived from plane »ST waves which ate incident upon a plane 
elastic discontinuity, and to show how such information can lie applied to studies 
of earth cnistal structure, as an example. It is believed that the album of curves 
will have widespread use in other types of seistr ic problems in which a quantitative 
evaluation of the characteristics is desirable. 

I'uKviors WORK 

Theoretical studies of the partition of energy incident at an elastic interface and 
the amplitudes of the resulting refracted and reflected waves relative to the incident 
wave have been made by many investigators. These include Knott (1899), Zoeppritz 
(1919), Jeffreys (192(J), Muskat iV.Y.V.V], Blichter (\WXV), Slichter and Oabriel (1933), 

icon 
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Muskat and Merc> (HMO), (iutcnlwg (1044a), Hwlaii (HKVJa, ii), Aale (lO')?;, 
Helnviiu! (HWO), Richards (MMiO, 100!), SicinhaH and othoj-sdOOI), flaskcll (100:2), 
and MHamy and others (1002), 

The publMiod data pcrtaininj.1 to ineidciit SV waves only arc sutpmarizrd in 
table I. Although the table does not given an exhaustive Imt of data and curves 
that have been published, it is Wicml to summarize mont at the recent data and 
curves available for incident S\' waves. 

(iKNEHAL  AlKTiKM;  l,F  CoMIH TATION   AM)  Acci'HACY  OF   DATA 

The dcterniinatiou ot the relative energies and amplitudes of" waves derived from 
a plane >>T wave incident on a plane interface involves the solution of four simul- 
taneous linear equations (Knott, 1890; Zoeppritz, 1010) with real or imaginary 
coeHicients. The equations were solved in the real and complex domains by the 
('rout method (Crout, 1041) which was programmed in FOUTKAX I and roimuN II 

for use on an IBM 1020 digital computer. The variable Held length capability of the 
1020 KimriiAN n system provided a means of checking the accuracy of the solutions, 
most of which were obtained using a floating-point precisit n of eight decimal 
places. Those solutions which were obtained in KOKTUAN U using a floating point 
precision of sixteen decimal places differed from those obtained using a precision of 
eight decimal places only in the seve.ith decimal place. A conservation of energy 
check on all solutions was satisfied in every set of computations to at least the sixth 
decimal place in FOHTKAN I, and to the fourteenth decimal place when the higher 
precision was used in FOUTRA.N II. 

PA KAME'J ;..V.S   I XVEMTIUATEl) 

Velocity and Density Ratios 

The angle of incidence of plane .ST waves on a plane interface separating two 
semi-infinite media of ditTerent velocity and density was varied in increments of 
two degrees from zero to ninety degrees. In the neighborhood of the critical angles, 
the increment ranged from 0.01 to 0,2"> degree but generally was held at 0.2"» degree. 
The values of the density ratios (density, pu of medium with transmitted waves 
density, pj, of medium with incident wave I were taken as 0.700, 0.800, 0,!t00 and 
1.000. For each of these density contrasts, the values of the velocity ratios (longi 
tudinal velocity, }', of medium with transmitted waves longitudinal velocity, T, 
of medium with incident wave) were taken as 0.700, 0.800 and O.iMM). In all the 
calculations, Pofeson's ratio, a, was assigned the value 0.2.")0 for media on each 
side of the interface. The subscripts 2 and 1 refer to properties of the medium with 
incident waves and medium with ImmmUkd waves, respectively (see, for example, 
figure 2). 

In addition to the systematic variations of velocity and density, various hypo 
thetical and actual cruntal sections were examined. The density und velocity ratios 
involved in these sections are sho.vn on figures 10 and 20. 

('ritical A ngles 

Figure I shows the reflected and transmitted waves derived from a plane ,S'lr 

wav incident on a plane interface. 
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According to Siit-Ii's law 

sin 0      isiii fc      siu r      sin*/      sin e      sin /" 

r   " ~i" _   r =   r   =   r   =   % 

Vor PoissonV ratio oqual to 0.200, /'  V ~   Y Z - \/:i, and 

r — sin    f v o sin S) 

For the si]!»- of tho angle c (angle oi reflected P wave) to IH> less Mian or equal to 
out', Q should not exceed sin ' t 1 \/$) = ;;,■>,2(')4 degrees. This is the iirst critical 
ansilo. Kor a vrlority ratio of Y I' 

c - sin '[{ F  I'» sin 0] = sin"'(iV {')■(('  T) sin ej ^ sin 'if v':?' ^ ^ Ti sin öl 

V =  LONGITUDINAL    VELOCITY 
IN    MEDIUM   I 

Z  =  ?HEÄR   VELOCITY 
IN    MEDIUM    I 

U = LONGITUDINAL    VELOCITV 
IN    MEDIUM   2 

V •   SHEAR   VELOCITY 
IN    MEDIUM   2 

INCIDENT 
SV 

Fi<:. 1. HeRpctfü and tmnamitted wave.-- derived from a plane SV wave incident on a plane 
interface at an angle B. 

For the sine of the angle e (angle of transmitted P wave) to be less than or equal 
to one, the angle 0 should not exceed sin 'jl [(V^)*' ^ DJI. For velocity ratios 
Y (' equal to 0.700, 0,800 and O.tWO, this corresponds to values of the incident 
angle. 0, of ."».äti?, 40.104 and ;>SF904 degrees, respectively. These are the second 
critical angles. Physically, this means the energy of the reflected I* wave becomes 
zero when the angle of incidence of the SV wave reaches ;-iö.204 degrees, and the 
energy of the transmitted /' wave becomes zero when the angle of incidence of the 
SV wave reaches .Vi.öOT, 40,104 and 39.904 degrees for velocity ratios Y l' of 
0.700, 0.800 and 0.000. respectively. 

Amplitude Haliiis 

The Zoeppritz equations for a plane .S'F wave of amplitude B incident on a 
plane interlace are (Richter, 19Ö8, pp. 070-073): 

(H + D) sin /> + f cos a — K cos r — V sin f = 0 

B — !)) eos h -f- f sin a -\- K sin c — F cos f = 0 
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( B + D) cos 26 - r (1-1 s>» 2« + EK (j!^ mi 2e - FK (^\ cos 2/ = 0 

~(B - D) my 26 + C f M c<« 26 + EK f j.) cos 2/ + FA' f^ j sin 2/ = 0 

where the angles ai-e as detiued in ügmv I. The angle a is the aiii*lp of incidence of 
a eompressioual \va\'e of velocity T which would generate four waves with the same 
reference angles as shown in figure I. K is the density contrast, equal to PI p-j, 
where p. and pj are the densities of the upper and lower media, respectively. 

The equations were solved for ('. D, K and F, the amplitudes of the reflected I1 

reflect'- S, transmitted I' and transmitted »S' waves, respectively. A similar set of 
eqilatioi with (', /), E and F as the unknown amplitudes exists for a plane P wave 
of amplitude A, incident on a plane interface. The equations are not given here but 
are given by Richter (1958, pp. (i~0 07o). lor the analysis of PS converted waves, 
it was necessary to consider the conversion of a P wave incident on a plane interface. 
A POKTRAK program with the basic structure of that used for the incident SV wave 
was employed. When only a single interface was involved, tie ftinplitude of the 
incident waves, .4 or ß, was set eq al to unity. 

The quantities C, D, E and F are complex when the angle of incidence of an SV 
wave is greater than 35.264 degrees for the parameters used in this study. Both the 
real and imaginary parts of the complex amplitudes were printed out to facilitate 
the determination of the phase shifts associated with the complex domain. The 
quantity having physical significance is the modulus of the complex amplitude, 
which is the square •mit of the sum of the squares of the reJ and imaginary parts 
of the complex amplitude. 

Figures 2b through 17b show the amplitude ratios as computed from t^e Zoeppritz 
. .".ations for an SV wave incident mi a single interface. The dished portions of the 
curves refer to angles of incidence for which some of the coefficients of that particular 
reflected or refracted wave amplitude are imaginary, that is, the angle of reflection 
or refraction is imaginary. The wave whose angle of reflection or refraetiun is 
imaginary does not exist, and no physical significance should be attached to the 
modulii of the i nplitudcs (or energies) within these regions. 

Inspect ion of the amplitude ratio curves on figures 2h through 17b shows the 
amplitudes to be relatively insensitive to changes in the density ratio. Changes in 
the velocity ratio, however, cause marked changes in the amplitudes. For the most 
part, the greater the velocity contrast (lower velocity ratio of FT), the greater will 
be the amplitude of th" reflected or refracted der; ed wave. At and near the critical 
angles the amplitudes change rapidly, sometimes passing through zero and resulting 
in phase changes of 180 degrees. Curve 3 on figure 10b, for example, shows a phase 
change of 180 degrees near the first critical .-«igle. The critical angles are easily 
identified with the sharp peaks and troughs on the curves. 

Small changer: in Poissoirs ratio have little effct on the amplitude ratios. For 
Poisson's ra'io equal 'o 0.400 for both Media, the greatest changes were noticed for 
transmitted P waves, whose amplitudes were decreased. More variation occurs if 
the upper (transmitted wave) medium has Poisson's ratio equal to 0.400, and the 
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lower medium is assiijtied a value of 0.200. However, ' ^ -ause of the relative in- 
seusitivity of the amplitude ratios to changes in Poissou's u»io foi conversions of 
interest in this study (incident /' to transmitted I* and transmitted S; and incident 
S to transmitted P and transmitted Ä), l^issou's ratio was assigned the value OJoO 
for all calculations pi-esented herein. 

Energy Ratios 

The distribution of ener©' among the four waves derived from an incident SV 
wave can be obtained from Knott's energy equation for an incident 8V wave, which 
is (Macchvane, 1932, p. 173, Equation 7.80): 

= !cotc)r?a      //-     pi (cotf)/f'2      pi^coUlF^" . l) 
1   ' (cot f/:ß'2 + W-     pt (cot dfB'*-     & (cot f/)ß'ä 

when» the angles c, rf, etc. are defined as in figure 1, and p, and P-J are the densities 
of the upper and lower media, res»actively. The quantities //, C*, D'r E' and F' are 
the amplitudes of the displacement potentials of the incident SV wave and the 
reflected l\ reflected S, transmitted Pand transmitted S waves, respectively. These 
cjuantitirs are replaced by BV, CL\ DV, EY and FZ, rerpectively, where B, C, D, 
E and V are the amplitudes of the particle displacements as defined in the Zoeppritz 
equations. Equation I then becomes 

= ^Qte)rar-      tf'V^     p^cotci/fK'      p, (cot/)FsZs 

(cotd)FT5   '   B2!'2  '  ps (cot d)ösF5 '  pü (cot ö)ö«Ks 

or 

_ (cQtc)r2{'2        z      micotcf^F-     gL(cot/)£g 
(cot»/)P p,(cotrfH'2 p2(cotrf)P 

The terms on the right side of equation 2 represent the energies of the reflected P, 
reflected 5, transmitted P and transmitted Ä wave?, respectively, with respect to 
the energy of an incident SV wave of amplitude B (B set equal to unity). The 
energy ratios are obtained by determining the amplitudes C, D, E and F from the 
Zoeppritz equation«, inserting these values in equation 2, and then evaluating each 
term in the equation. These individual terms were then printed out as the ratios 
of the energy of the reflected P, reflected S, transmitted P and transmitted S waves, 
respectively, to the energy of an incident SV wave. 

Equation 2 serves as a useful coaservation of energy check on the accuracy of t'.te 
amplitudes determined from the Zoeppritz equations, and energy ratios as computed 
from this equation. In all cases, the sum of the terms on the right hand side of 
equation 2 differed from unity only in the seventh decimal place at worst, when a 
floating point precision of e' Tht decimal places was used in the computations. 

A similar conservation of energy equation exists for an incident plane P wave on 
a plane interface (Macchvane, 19:0, p. 167, Equation 7.62). Where conversion of 
incident P to transmitted P or S was desired, as in the multilayer case, the con- 
servation of energy equation for a P wave was similarly applied to check the 
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FIG. 2. Plane SV wave Incident on a plane interfttCe for a density ratio {transmitted/in 
eident) of 0.700 and velocity mti.'S (transmitted/incident) «f 0.700, 0^800 and 0.900. (a) Ratio 
of energy «>f rcflectcti P wave to energy of incident SV wave, (b) Rntio of amplitude of re- 
flected P wave to amplitude of incident SV wave, (c) Phase angle of reflected P wave, 
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Flo. 3. Plane SV wave incident on a plane interface fur a density ratio (trafiBniitted/in- 
cident) of 0.800 and velocity rstins (transi Med/incident i of 0.700, 0.800 and 0.900. (a) Ratio 
of energy «»f reflected I1 wave to energy of meident SV wave, (b) Ratio of amplitude of re- 
flected P wave JO ampiiUide of incident SV wave, (e) Pliase angle of reflected f wave. 
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accuracy of the amplitudes a*! determined from the Zoeppritz equations for an 
incident P wave. 

The same generalizations \ old for the energy ratio curves shown on Hgnres "^a 
through 17a as for the amplitude ratios. Generally, increasing the velocity contrast 
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Flo. i. Plane SV wave incklenf t>n a plane interface f«»r a density ratio (traDBnvitted/iD- 
cide&t) of 0.900 and velocity ratios (trammitted/iBcideDt) «f 0.700, O'ä» and OTHM). (a) Ratio 
of energy of reflecte«! P wave S" enerj^v of incident SI wave, (b) Ratki of amplitude of reflected 
P wave to amplitude of incident SV wave, fc; Pliase angle of reflected P wave. 
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will increase the energy cti' the derived wave with respt-ct to the incident wave. 
The dashed portions of the curves correspond to those meideiit angles for which 
certain of the angles of reflection or refraction of a particular derived wave are 
imaginary. Xo physical significance is to he attached to these regions. Xo energy 
is carried away from the interface by these waves at these angles of incidence. 

«teu   of    weistuce, s (otMfis) 

PIG. 5. Plane SF wave incident HB a plane interface for a density ratti» (transmitted/in- 
cident) (if 1,000 and velocity ratios (transmitted/incident) of 0.700, ü.»)0 and 0.?)«). (a) R.Htki 
of energy of reflected P wave to energy of incident SF wave, (b) Ratio of amplitude of reflected 
P wave to amplitude of incident SI wave, (c) Phase angle of reflected P wave. 
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Ut6Ll     of     IUCIDCH«,   e   (PEWCeS) 

Ficj « Plane SV wave incident on a planft interface for a density ratio (transmitted/in- 
cident'! of 0.700 and velocity ratios {transmitted/incident) of 0.700. 0.800 and 0.900 (a) Ratio 
of energy of reflected SV wave to enfirgv of incident S\ wave, (b) Ratio of amphtude of re- 
flected SV wave to amplitude of incident SV wave, (c) Phase angle of reflect«. SI  wave. 
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MKLE      Of      HlClOe»«,    S   (OCMCCS) 

Flo. 7, Plane SV wave incident on a plaue interface for a density ratio (transmitted/in- 
cident) of 0.800 and velocity ratios (transmitted/incident) of 0.700, Ojüü and 0.90C. (a) Ratio 
o* energy of reflected »SV wave to energy of incident SV wave, (b) Ratio of amplitude of re- 
flected SV wave to amplitude of incident SV wave, (c) Pha» angle of reflected SV wave. 
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4NSLE      OF      INCIDENCE,   •   (DCSREESl 

Fir*. 8. Plane SV Wave incidfint on a plane interface for a density ratio ■transmitted/in- 
cident) of 0.900 and velocity rati»» itmnstnitted/incident) of 0.700, 0,800 and 0,900. (a) Ratio 
oi energy >f reflected SV wave to energy •>{ incident SV wave, (h) Ratio of amplitude of re- 
flected .ST wave to amplitude of incident SV wave, (c) Phase angle of reflected SV wave. 
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MMLE     OP     mCibtHCt.   •   (KAMCS) 

Wia. it. Plane SV wave incident on » plane interface for a density raiio (transmitted/in- 
cident) of 1.000 and velocity ration {trangmitted/incident of 0.700, 0.800 nnd 0.900, (a) Hati« 
nf encrgj' of reflei!t«'«l SV wave to energy of inciient 5V wave, (bj Ratio of amplitude of re- 
flected 8V wave to amplitude of incident SI' wave, fc) Phase angle of leflncted SV wave. 
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At the critical angle beyond which the angle of reflection or refraction of a particular 
derived wave hecomes imaginary, the energy of this wave becomes zero. In applying 
the eoiiservation of energy equation after 35.264 degrees, for the parameters used 
in this study, the terms in energy equation 2 are complex. The imaginary parts of 
all of these terms must add up to r.^m and the real parts to unity, in all cases. The 

„ K H M «« M '5 •!, 

ANSLE      OF      IMClOeNCE,    •   (OCSSUS) 

KH 10 Plan« SI wave incident on a p'»ne interface for a density ratio (transmitted/ 
incident) of 0 700 and velocity ratios (transmitted/incident) of 0.700 0.800 nnd 0.90O. (a) Ratio 
of energv of transmitted P Wave to energy of incident M wave, (b) Ratio of amplitude of 
transmitted P wave to amplitude of incident .SI' wave, (o) Phase angle of transmitted P wave. 

I 

A 
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sum of the motlulii of the complex energies of those derived waves whose angles < 
reflection or refraction are not imaginary will !*■ unity. The modulii of those wave? 
whose angles of reflection or refraction are imaginary are not included in thv 
summation. 

a        9^        3$        «e       *i        se       s*        «s       «t        re 

/««LE      OF      WClOEIItt,    8   lOCWfCS! 

•s •» »o 

FIG. 1J. Plann SF wave incident on a plane interface (or a density ratio (transmitted/in- 
cideot) of 0,»30 .ind velocity rating (traDsmitted/ineideHt/ of 0.700, 0.800 «JRI 0.900. las Ratio 
of energy of transmitted F wave lo energy of incident SV wave, (b) Itatio of amplitude of 
tranemitted P wave to amplitude of incident SV wave, (e) Phase angle of iransmitted P wave. 
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Beyoiul the Kcst eniifal angle, the amplitudes of the derived waves are complex, 
um! all wave amphiudes will generally undergo phase changes. The complex am 
plitudes computed from tlie Zoeppritz equations woi-e printed out intheformu + ih. 
The phase angle, <t>, oi the derived wave is given by 

^;- 25 ?? >9 «i «9 U Cl M 

ANCLE     fcf      WCiOENCe,    •   (DCMEtS) 

Fi<;. 12. Plane SV wave incident on a plane interface for a density ratio (transmitted/in- 
cident j <>f 0,<Min and vluftity ratio« (transmitted, neiden!) of 0.700, O.SM» and O.iMK). (a) Ratio 
üt' energy of transniitted /J wave tu eü.'rgy of incident SV wave, (b) Ratio of amplitude of 
transti :'icd P wave to amplitude of incident .SI' wave, (c) Chase angl. uf transmitted P wave. 
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b 

ionu 

<t> = tan 
i 

a 

The quant itic« a and b identity the quadrant and thus the phase angle of the derived 
wave. 

m«ic    or    tNctutNCE,  • (Cfwte; 

Vm. 13, Plane SV wave incident on a plane interface for a density ratio (tmnmiitted/ 
incident) of l.OOüaod velocity ratios (transmitted/incident} of 0,7ÜO,0,ÄK) andO.WO. (a) Ratio 
«if energy of transmitted P wave t<? energy of incident SV wave, (b) Ratio of amplitude of 
tr; nsniitted P wave to amplitude of incident SV wave, (c) Phase angle of Iransmitted /' wave. 
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*M«.e    or    iHCict»ee,  • (OCWCES} 

Fi«3. 14. Plane SV wave incident on a plane interface for a density ratio n.'ansmittcd/ 
incident i of 0.700 and velocity ratios {transmitted/incident^ of fljt», Ü.SÜ0 and 0.900, (a) 
Ratio of ene.^v of transmittfd SV wave to energy of incident SV wave, (b) Ratio of atnpli- 
fade oi transmitted SV wave to amplituJc of incident SV wave, (c) Phase angle of trans- 
mittcd SI  wave. 



ANSLE     Or     IMCIDCNCE,    •   (UWCCS) 

Fi«. 15. Plane SV wave inci«leni »n a piano intprfaee f'>r » density ratio (transmitted/ 
incident) of O.80Ü and velocity ratios (transmilKMl. incident! of O.'W, O.StK) and 0,900. (a) 
Hat in of energy of transmitted SV wave to energy of incident SV wave, (b) Ha'io of amplitude 
of transmitted SV wave to amplitude of incident SV wave, 'c) Phase angle of transmitted 
SV wave- 

lUtil 



IM. 

MÖLE      Of      (NClOfWCf,    *   (OtMKS) 

!i>. Plane SV wsive incident on a plane interface for a density ratio (transmitted/ 
incident) of 0900 and velocity rntius (tranwnitted/inciden',) of 0.700, 0.800 and O.WOO. (a) 
Hiitio of energy of transmitted SV wave to energy of inckletit SV wave, (b) Ratio of at"plitude 
of transmitleii SV wave to amplitude of Jncidenl SV wave, (o) Phase angle -f transmitted 
SV wave. 

10H2 
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FIG. 17. Plane ST wave incident on a plane interface fur a density ra.i<) (transiiiitleil 
incident) of 1.000 and velocity ratios (transmitted/incident) of (»TOO. 0 s M) and n.iWM), (a) 
Hati • .if energy of trfttismitted SI' wave to energ.v of Incident ,S'l  wave  (b) U-, in "f amplitude 
of traDsmitted SV wave to amplitude o» o rv'-.ni .ST wave   (c» Phase aniiie of transmitted 
SI' wave. 
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Tin siguifieaüco of a phase change in a derived wave is to change the arrival time 
of r peak or trough of the wave by an amount It = {$T) (2ir), where T is the pe- 
riod of the wave. If the phase angle, 0, is negative, the peak or trough is delayed 
an amount Al; if the phase angle is positive, it is advanced in time this amount. 
For example, a transmitted SV wave of period one second with a phase angle of 100 
degrees will arrive approximately 0.27 second early because of the phase shift. Prac- 
tical application of phase angles would include the correction of observed travel 

ti      a     t-     1 = 
FIGURE 18 

Fio. IS. Polar coordinate diagram of amplitudes and phase angles of a transmitted /' wave 
derived from an incident .SI" wave for a velocity ratio aransmittcd/incident) of tMMM) and a 
density ratio (transmitted/incident) of 0.7(M). Numbers along the curve refer to the angle <»f 
incidenee, 9, of the incident SV wave at a plsne interface, The curve is dashed after 39.9 de 
grecs, at which point the transmitted F wave vanishes. 

times by the appropriate time lead or lag determined from the phase angle, in 
order to locate more precisely the depths to the interfaces which generate the de- 
rived waves (see e.g., Richards, 1961). 

Figures 2c through 17c give the phase angies associated with the complex ampli- 
tudes computed from the Zoeppritz equations. Phase changes of 180 degrees in the 
real domain are also noted on the curves where they occur. It will be noted that the 
phase changes near the critical angles are often large and rapid (figure 10c t. The 
dashed portions of the curves have no physical significance; they are associated 
with incident angles of derived waves whose angles of reflection or refraction are 
imaginary. At grazing incidenee ($ = »0 degrees), for all velocity ratios, the phase 
angle of a reflected SV wave reaches 180 degrees, as shown on figures 6c through 0c. 



PLANE  Äl    WAVEN I0ii5 

I'lsurp IS i» an alternate method ut displaying the data shown, for example, on 
fisjure 10b und Kie, curve 'A. In particular, the polar coordinate diagram shows how 
the amplitude of a wave must pass through zero when a phase change of ISO degrees 
takes place. This is, of course, true in »■ither the complex domain or the real domain. 
In figure 18, the real part of the complex amplitude is plotted along the abscissa, 
and the imaginary part along the ordinate. The phase angle is then read directly 
from the graph. Numbers plotted along the curve refer to the angle of incidence, Ö. 
In the real domain, the amplitudes pass through zerc with a phase change of ISO 
degrees, as also shown, for   .ample, on figure (ib and 0^, curves 1, 2 and .">. 

MIGLE      Or      INCIOCNCE,    «   (OESREES) 

Fio. 19. Hypothetical crustnl section in which the velocity ratio (trftoaoiitted/incideot) 
ilpcreases with depth. The amplitudes of successive PS convened waves successively increase 
with increasing depth to the interface. Free surface effects are not included. Arrival of I'Si 
converted wave is shown in inser*. 

APPLICATIONS OF DATA 

The thickness of a single mistal layer can theoretically he determined by observ- 
ing, with suitable instrumentation at a single station, the difference in time of 
arrival of the first P wave and the arrival of an S wave (a PS converted wave) 
derived from this P wave at the base of the layer (Andreev, 19Ö7; Cook and others, 
1962), For a multilay^red crust, PS converted wave arrivals corresponding to each 
interface will theoretically exist. If the compressional and shear velocities in euch 
of the different layer? are known, the thir-kness of each layer can be computed from 
the differences in time of arrivals of the parent P wave and of the individual PS 
converted waves. 

Using seismograms from both earthquakes and blasts, Russian worker». (Andreev, 
1957, Andreev and Shebalin, 10.57, Kuz'mina, 19Ö9) have observed that the ampli- 
tudes of the various successive PS converted wave arrivals incrpase witn succes- 
sively increasing depth to the interface where the conversion took place. Bulin 
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tllHW). as well a.« tschvviiid ami others (HHif), '   ;^823), find that this is not always 

A piflimiiiaiy investigation of the tlicoiTtu-iil amplitudes to IM' expected from f'H 
couverted waves shows that if the velocity ralios iupper medium lower medium) 
continually decreaae with depth, tlic-u the amplitudes of successive PS converted 
wave« arriving from successively deeper layers mil continually increase with depth 
Figure H) shows this situation fora hypothetical Hvedayered crust. The curves we«1 

obtained by repeatedly applying the Zoeppritz equations at each interface to obtain 

S5 M «0 «* SÖ S5 »3 

MSLE      Of      INCIDENCE.    6   {0t6«£ESj 

Fu ■It Crustal section in the eastern part of the Basin and RanKe province, according o 
temmd uthers ««W). The amplitudes of successive PS converted waves do not success.vely 
increase with incWasing depth to the interface. Free surface effects are not mcluded. 

the amplitudes of the various converted waves ' The results show that the various 
PS converted wave annals should have the largest amplitude when the angle of 
incidence (Ö) of the parent P wave at the base of the crustal section is approxi- 
mately «0 degrees, as indicated in figure 19.= Figure 20 shows that for the crustal 
sectior as interpreted by Berg and others {I960, figure 10) in Utah, where the 
velocity ratios do not continually decrease with depth, the amplitudes of the PS* 
converted waves are theoretically larger than the amplitudes of the PS, waves which 
in tun- are larger than the amplitudes of the /'.S:! waves. Figures 19 and 20 do not 

i Intrn-lingtothe surface from the bottom liver (layer 4) the wave designated PS, civ 
tinn^l^Pwfvc through layers 3.»nd 2. and converts to an .SF wave m passing from layer 2 
^ K l^urfacrS: ehe wave designate.! P& converts ror« a P to an .SV wave at 

1L l«mR.ian   h^twerr  layers 4 and 3 and continues  through la>erfi 3, 2, and   I as an SI 

^lEiÄidieTaÄ progre*« to ascertain the range of  parameters for which th. 
generalixatton may hold. 

i-:r----:±i-;,-itirIE».-'.-.^_- 
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im'ludo the effects of a free Burfaee mi the P and I'S arrivals. The general conclusions 
would ivmain the same, however, with the amplitudes of both the /' and PS ar-ivals 
heiny approximately doubled. 

Figures 21 and 22, which include the effeets of a freesuriaee, show the ratios of the 
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ANSLE      OF      1HC10£NC€,    »   (ÖESREES) 

Fiu. 21. Ratio of the horaontal eoniponetit of tlie nn.und motion, (t'.J, duo to the arrival 
of FS* converted waves tot he horiztvntRl eomponenl of the untransformed transmitted I' wave, 
{Up}, for the crustal section in the eastern part of the Basin and Uance province, aceording 
tn Berg and others il9ti0),äs shown in figure 20. Free surface eftects are inelutied. 

\ 

/WCLC INCIDENCE,    9   (OEGREtS) 

FIG. 22. Ratio of the vertical comoonent of the ground motion, iW,n), due to the arrival of 
I'S. converted waves to the vertical component of the üntransformed transmiited P wave, 
iJV i. for the crustal section in llie eastern part of the Basin and Range province, according to 
Berg and others il'.MiO). as shown in figure 'ä). Free surface effects are included. 

i 
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magnitudes of the homoiital und vertical components of the ground motion due to 
the arrivals of the various PS converted waves, to the horizontel and vertical com- 
ponents, respectively, of the untmnsformed transmitted I' wave, for the three-layer 
crustal section of Berg and others (1960, figure 10). As Slichter (1933, p. 24(5, 

664 

Fi<i. 23. Particlo-niiHidii (iiagram of the LüHAN nuclear exploniitn recorded at a distance of 
714 km in northern New Mexico with ."hort-period Henioff nlsmometen. Interval shoun i.s 
from (i.4-1 to 8 59 sec after the first motion. DigitizinK interval is 0.05 sec. 

figure 5, and p. 248) points out, the horizontal ground motion of the PS converted 
wave with respect to the horizontal ground motion due to the transmitted un- 
transformed parent P wave may be prominent at all epicentral distances, as also 
shown for /'.Sj in figure 21. For the crustal section assumed, the resultant magnitude 
of these PS converted waves, however, is greatest for angles of incidence of ap- 



BLANK PAGE 

? 

"^4^ 



ILANK .sr  WAVES ■0(5!» 

proximately 60 dcgrpes, eontspouding to earti.quakes at an epic-ntral distance of 
approximately 18 dem-ecs. Bulin (lt«5(), p. 519) noted that PS coiuerted waves of 
maximum amplitude were observed on seismoKrains of local, deep-foens earthquakes 
for which the averaRe value of the angle of incidence, 0, at the base of the crust was 
öü degrees. 
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Fio. 24. Particle motion (liagratn of the «SOME nuclear explosion recorded at Vernal, 
U(ah (VNIT). InKrval shown is from f>.4fl to 7.90 sec after the first motion. I )iKitizing interval 
is 0.05 sec. 

Vasil'ev (1956) discu&ses various PS converted waves record«] us a result of 
explosion seismic work by the Geophysical Institute of the Academy of iSciences of 
the lT.S.S.l{. conducted in 1954 in the Tatar A.S.,S.ll. Vasil'ev found that the wave 
/'iwrn'S has slightly lower amplitude than the wave which travelled along the 
entire path a? a longitudinal wave. The indices 1,2, civ. refer to each layer. He found 
the amplitud'.' of the converted wave PtmSm 1° be "at least twice the value of the 
amplitude of the corresponding longitudinal wave." He noted that these large 
amplitudes are "to a certain extent" in contradiction with calculated amplitude 

1 1 

Jr 
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values and attributed this tu a "partial screening and weakening" of the pure longi- 
tudinal waves. 

Selected copies of three-eomponent seismograms (made available by Dr. Carl F. 
Romuey) from the underground nuclear explosion LOGAN, »ear Mercury, Nevada, 

0.65 0.70 Q75 QflO 0.85 

VELOCITY   RATIO  (Vj/Vj) 

0.90 0.95 

Fiii. 25. Heatl wave coefficients fur compressional waves for density ratios (upper medium/ 
lower modinni) of 0.50, 0.70 and 0.90 for velocity ratios (upper meduitn/lower medium) from 
0.(i5 to 0.95. as computed by the method of Zvolinskii (1937, 1958). Two coefficients given by 
Heelan (1953b, p. WS) are shown for comparison. 

which were recorded Rt temporary field stations out to epicentral distances of 2000 
km, were enlarged, and selected intervals were digitized for the study of P^ eon- 
verted waves. For the analysis of particle motion, the recoi'ds were enlarged to a 
scale of 1 mm = 0.0") sec. These enlargements were then digitized at I mm inter- 
vals. The resulting data were used to plot particle-motion diagrams in both (1) the 
vertical plane in a radial direction from the epicenter and (2) the vertical plant 
transverHC to this direction. On a seismogram obtained in northeastern New Mexico 
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from the LOUAN explosion at an epimitrul distance of 714 km, the first ten seconds 
of arrivals show P motion except for an interval of approximately 0.0 sec (see figure 
23) which begins 7..") sec after the first arrival. This interval shows shear motion 
(predominantly SV). Various crustal models used by ether workers (Steinhart 
and Woollard, 1959, p. 347; Werth and others, 1962, p. 1589) in northern Arizona 
and New Mexico place the Mohomvicic discontinuity at depths ranging from 
34 to 57 kin. Using velocities found by these investigators for the crust beneath 
northern Arizona and New Mexico, the time interval of 7.5 sec between the first 
arrival and the shear arrival could coincide with the arrival of a PS converted 
wave generated at the base of the crust at a depth of approximately 45 km. 

Selected events from three-component recordings by the (Jeotech field recording 
teams of the underground nuclear explosion GNOME, made available by Dr. Carl F. 
Homney, were digitized at intervals of 0.05 sec. Particle-motion diagrams were 
prepared from the data. Station VXUT (Vernal, Utah) shows a single interval of 
shear motion, which is provisionally interpreted as (he arrival of a PS converted 
wave, in the first 10 seconds (7.50 to 7.85 sec) from the GNOME explosion. (See fig- 
ure 24.) 

PS converted waves generated from head waves will have amplitude coefficients 
as given by Heelan (1953b) and Zvolinskii (1957, 1958). The Zvciinskii method x 
determining /'-wave head coeffioients was programmed in FORTKAN, and head wave 
coefficients for density ratios of 0.700, 0.800, and 0.900 were calculated for velocity 
ratios (compressional velocity in upper medium/compressional velocity in lower 
medium! ranging from 0.50 to 0.95. These data are shown in figure 25. They suggest 
that there might be some inherent difficulty in correlating crusta! sections as 
indicated from PJS converted waves, with those interpreted from conventional 
seismic refraction travel-time curves. For example, figure 25 shows that the lower 
the velocity contrast (higher the numerical value of the velocity ratio), the larger 
will be the amplitude of the head wave. However, high velocity ratios are less 
efficient for the conversion of P to SV waves. Conceivably, an interface across which 
the velocity contrast is low might generate a large amplitude head wave, but result 
in a PS converted wave of amplitude too small to be detected. It might, therefore, 
be diffic'.iit to expect the same information about depths to, and number of, inter- 
faces from both methods. 
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